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Rechargeable Li-ion batteries have been employed to power various 
portable electronics, such as mobile phones, digital cameras, laptops and iPads 
that have changed our communication in the modern society. Now the finite 
supply of fossil fuel and the increasing global warming as a subsequence of 
greenhouse gas emission have promoted the development of green and 
sustainable energy resources. The combination of rechargeable batteries and 
supercapacitors has been considered as a very promising candidate. Due to 
their high energy density and power density, Li-ion batteries are prominent in 
rechargeable battery systems. Despite the continuously impressive 
development of Li-ion battery technique, it still can’t fully satisfy the 
industrial demand. There is a great challenge to improve the performance of 
Li-ion batteries to meet the requirements of applications including electric 
vehicles, grid station and et al. 
Chapter 1 begins with a general introduction of Li-ion battery 
fundamentals, followed by the historical development of the anode, the 
cathode and the electrolyte, and ended up with the objectives of this thesis.  
Chapter 2 generally introduces the experimental techniques used in this 
thesis including the routine structure characterizations and the electrochemical 
characterizations as well as battery fabrication procedures associated with 
Li-ion batteries.  
In Chapter 3, we have demonstrated the successful synthesis of an 
aromatic acid based sp
3
 boron single-ion polymer electrolyte (SIPE), LiPPAB, 
based on the polymerization reaction of the silylated aromatic acid and lithium 
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tetramethanolatoborate in DMF. The as-synthesized product was purified and 
well characterized. The electrochemical performance of LiPPAB was fully 
investigated and discussed.  
In Chapter 4, an aliphatic acid was used to synthesize sp
3
 boron SIPE 
with a similar synthesis procedure. The obtained SIPE, LiPBAB, exhibits 
improved electrochemical performances in term of ionic conductivity, 
lithium-ion transference number and battery performances compared to the 
aromatic acid based SIPE LiPPAB.  
In Chapter 5, the direct polymerization of the phenol and lithium 
tetramethanolatoborate in DMF was achieved, simplifying the synthesis 
procedure compared to the carboxylic acid precursors. It turned out that this 
phenol based SIPE possessed even better battery performance. 
In Chapter 6, a sp
3
 aluminium based SIPE was designed and 
synthesized considering the successful synthesis of boron based SIPEs. The 
obtained SIPE exhibits slightly inferior electrochemical performances 
compared to the boron based SIPEs probably because of the high rigidity of 
aluminium based polymer chain. 
Chapter 7 gives the general summary of the presented works in this 
thesis and outlook in the future. SIPEs are still in the initial stage, there is a 
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1.1. State of Lithium-ion Batteries 
From the birth of the first commercial full lithium-ion battery released 
by Sony in 1991, lithium-ion batteries have been ubiquitous in portable 
electronics such as cell phones, iPads, digital cameras and laptops that have 
transformed global communication.  
Nowadays, the development of electric vehicles have been triggered by 
the strong dependence on the finite supply of fossil fuels and the imprint of air 
pollution caused by internal combustion engine. The lithium-ion battery as a 
promising power candidate provides many advantages, such as high 
volumetric and gravimetric energy densities, high output voltage and good 
longevity for industrial use. Due to the good reversibility of charge and 
discharge cycles of secondary lithium-ion batteries, they can also work as 
energy storage systems, especially coupled with intermittent renewable 
resources that can’t provide continuous power supply, such as storage for solar 
panels, storage for wind turbines and grid storage (Figure 1.1). 
 
Figure 1.1 Applications of LIB 
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Lead-acid batteries which are conventionally used to power E-bikes 
are gradually replaced by lithium-ion batteries. And it is worthy to note that 
Tesla Model S and Nissan Leaf which are powered by pure lithium-ion 
batteries have achieved great success, indicating the coming of a new era for 
lithium-ion battery. 
1.2. Battery Fundamentals 
 
Figure 1.2 Schematic illustration of the first Li-ion battery (LiCoO2/Li
+ 
electrolyte/graphite) 
*Reprinted with permission from [1]. Copyright © 2013 American Chemical Society 
A battery is a device that produces an electric current by harnessing the 
electrochemical reactions that take place with its cells and works as a source 
of power. The schematic illustration of a lithium-ion battery is shown in 
Figure 1.2, consisting of a cathode (the positive electrode), an anode (the 
negative electrode) and the electrolyte (or separator).  
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According to the batteries whether they are rechargeable or not, 
batteries can be classified as the primary and the secondary. The secondary 
batteries have been widely used in portable electronic devices and vehicles 
like E-bike that have a great effect on our daily life in the modern society. 
During the discharging process, the electrochemical reactions inside the 
battery convert chemical energy to electric energy to power devices. After 
discharge, the battery can be recharged i.e. the electrochemical reactions can 
undergo the other direction under the driving force of external power and be 
used again. The typical commercial secondary batteries were listed in Table 
1.1. 
































30-40 40-60 30-80 150-250 130-200 
Wh/
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3-4% 20% 30% 5-10% 5% 







1.2.1. Cell Voltage 
The theoretical standard voltage of a battery can be calculated as follows:  
 𝐸ө(𝑐𝑒𝑙𝑙) = 𝐸ө (𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐) − 𝐸ө(𝑎𝑛𝑜𝑑𝑖𝑐)                      Eq. 1.1 
Taking the non-standard state of the reaction components into account, the 
theoretic cell voltage can be modified using Nernst equation: 
𝐸0 (𝑐𝑒𝑙𝑙) = 𝐸Ө(𝑐𝑒𝑙𝑙) −  
𝑅𝑇
𝑧𝐹
𝑙𝑛𝑄𝑟                               Eq. 1.2 
R is the universal gas constant; T is the absolute temperature; F is the Faraday 
constant; Z is the number of moles of electrons transferred in the cell reaction; 
Qr is the reaction quotient. 
But the actual voltage will always be lower than the theoretical voltage due to 
the polarization effects that lead to overpotentials. They include: 
1) Charge transfer polarization at the electrode-electrolyte interphase, 
dependent on the electrode kinetics.  
2) Ohmic drop due to the internal resistance of the cell. 
3) Concentration polarization arising from the concentration gradient of 
the electroacitive species in the cell as a result of mass transport. 
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Given the overpotentials result from the polarization effects, the final cell 
voltage can be expressed as follows: 
𝐸 = 𝐸Ө(𝑐𝑒𝑙𝑙) −  
𝑅𝑇
𝑧𝐹
𝑙𝑛𝑄𝑟 − (𝜂𝑐𝑎𝑡 + 𝜂𝑎𝑛𝑜)𝑐𝑡 − (𝜂𝑐𝑎𝑡 + 𝜂𝑎𝑛𝑜)𝑚𝑡 − 𝐼𝑅  Eq.1.3 
At low current, the charge transfer overpotential is predominant. When the 
current increases to an intermediate level, the ohmic drop is increasing linearly 
and becomes the most important. When the current further increases, the 
concentration polarization due to the mass transport becomes the most 
important. 
1.2.2. Capacity 
The theoretical capacity of a battery usually denoted as Q can be calculated 




                                                  Eq. 1.4 
n is the number of electrons transferred per mole of reaction; F is Faraday's 
constant and M is Molecular Mass of the electrode material. 
The discharge (or charge) capacity of a battery is somehow lower than the 
theoretical capacity and can be calculated using 
 𝑄 = ∫ 𝐼𝑑𝑡                                                Eq. 1.5 





The energy of a battery can be calculated using  
𝐸𝑛𝑒𝑟𝑔𝑦 = ∫ 𝑉𝑑𝑞                                           Eq. 1.6 
According to Equation 1.6, energy of a battery is also dependent on the state 
of charge beside electroactive materials themselves.  To better compare 
different materials, the volumetric energy density and the specific energy 
density are more frequently used. Volumetric energy density equals the energy 
per unit volume (Wh/L) while specific energy density equals the energy per 
unit weight (Wh/Kg),which is also referred as the gravimetric energy density. 
1.2.4. Power 
Power is calculated by integrating the cell over current,  
𝑃𝑜𝑤𝑒𝑟 = ∫ 𝑉𝑑𝐼                                            Eq. 1.7 
Similar to energy, power is also dependent on the state of charge. One 
important parameter of a battery is the power density, which is the peak power 
per unit volume (W/L). 
1.2.5. Current Rate 
The current rate, or C-rate, is defined as the current needed to fully charge 






= 𝑐𝑢𝑟𝑟𝑒𝑛𝑡                                      Eq. 1.8 
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The capability of working at high C-rates is a critical parameter for batteries to 
be used in industry. 
1.2.6. Coulombic Efficiency 




                                 Eq. 1.10 
The coulombic effiency is a parameter indicating the charging efficiency. 
1.2.7. Cycle and Shelf Life 
The capacity of a secondary battery gradually fades during the 
charge/discharge cycles mainly due to the electrode material loss and 
mechanical deterioration. The cycle life of a battery is defined as the number 
of charge/discharge cycles a battery can performance before the capacity is 
below 80% of its original capacity. The cycle life is dependent on many 
factors, such as charging rate, depth of discharge and temperature. 
Even a battery is in the open-circuit, some undesired side reaction still 
occurs. This process is called self-discharge, leading to reduction in capacity. 
The shelf life of a battery is the time that a battery can be stored before the 
capacity is below 80% of its original capacity. 
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1.3. Overview of Electrode Development 
1.3.1. Anode Materials 
The motivation of the Li-based batteries is that lithium metal is the 
most electropositive (-3.04 V relative to standard hydrogen electrode) and the 
lightest metal (equivalent weight M=6.94 g mol
-1
, and specific gravity =0.53 
g cm
-3
), resulting in high volumetric and gravimetric energy density as well as 
high power density compared to other rechargeable batteries listed in Table 
1.1.   
The first rechargeable half lithium-ion battery was reported in 1972, 
using TiS2 as the cathode, lithium metal as the anode and lithium perchlorate 
dissolved in dioxolane as the electrolyte.[2] The TiS2 was chosen as the 
cathode due to its favourable layer structure for lithium intercalation. The half 
Li-ion battery’s success was really inspiring and more people began to 
investigate Li-ion batteries.  
However, the uneven lithium dendrite growth on the lithium metal 
related to the combination of lithium metal anode and liquid electrolytes raises 
serious safety concerns. The lithium dendrite may bridge the electrodes 
leading to internal short circuits and even explosion after repeated cycles of 
charge and discharge. To circumvent the safety issue associated with the use 
of lithium metal, the intercalation compound was proposed to replace the 
lithium metal as the anode. The significant advance of intercalation compound, 
graphite, was developed in Bell Labs in 1980s. The graphite anode does not 
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undergo significant volume change during cycling, leading to great 
improvement in safety compared to lithium metal.  
In order to meet the safety requirement, the high capacity of the anode 
was sacrificed, reducing from 3800 mAh g
-1
 for lithium metal to 380 mAh g
-1
 
for graphite. However, the energy demand keeps increasing and has greatly 
promoted the development of high capacity anode materials such as Sn, Si and 
transition metal oxides. However, the large volume expansion of these 
materials during lithiation and delithiation leads to structure collapse and 
losing electric contact with the current collector, thus leading to poor cycle 
performance. Later, nano-sized material has been proved to be as an effective 
way to reduce the fast capacity fade as they can buffer the larger volume 
change, improve the electric contact and Li-ion diffusion length.[3-12] 
Recently, the lithium metal anode has drawn great attentions again 
because of its ideal properties for high energy, cost-effective batteries. Several 
lithium metal batteries with long cycle life have been achieved in modified 
liquid electrolyte.[13-15] 
1.3.2. Cathode Materials 
Since the dominated use of carbonaceous materials, especially graphite 
as the anode to meet the safety requirement, the cathode becomes a key role in 
a battery because it is the main factor to determine the battery working voltage, 
energy density and rate capability in the present LIB technologies. Due to the 
critical importance, cathode materials have gained great attentions and have 
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achieved significant advancement in terms of capacity, voltage and cost. 
Compared to the early cathode materials, new developed cathode materials are 
mainly metal oxides instead of metal disulphides as metal oxides are more 
oxidizing because of their more pronounced ionic character of O-M bonds 
compared to S-M bonds.  
Since the birth of first commercial LIB released by Sony in 1991, the 
layered LiCoO2 has been widely used as the cathode material due to its high 
volumetric energy density and high temperature performances. But the 
unsolved overcharge problem associated with LiCoO2 is always a potential 
threat. In addition to LiCoO2, other layered metal oxide have also been studied, 
including LiNiO2, LiMnO2, particularly LiMn1/3Ni1/3Co1/3O2, which 
demonstrates high capacity, good rate capability and high working voltage.[16, 
17] 
Another promising cathode material is LiMn2O4 that forms a spinel 
structure. Compared to LiCoO2, LiMn2O4 is safer and much cheaper. The 
dissolution of manganese in the electrolyte and the phase changes during 
cycling leading to severe capacity loss are the main challenges to the use of 
LiMn2O4 as a cathode in the state of art. Improving LiMn2O4 cycle 
performances were reported with the addition of iron, cobalt and especially 
nickel.[16, 17] 
Vanadium oxides have also been considered as promising cathode 
materials since vanadium oxide forms layered structure and vanadium have 
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multiple valences. Among them, orthorhombic V2O5 and monoclinic LiV3O8 
are the most well-known cathode materials. They possess high capacities, but 
relatively lower working voltage about 3V.[16-18] 
Another promising type of cathode materials is phosphates (LiMPO4) 
with the olivine structure. LiFePO4 is the most prominent phosphate, 
considering that iron is cheaper and environmentally friendly. The main 
drawback is the poor electronic and ionic conductivity for the pure 
LiFePO4.[19, 20] Several approaches have been reported with dramatic 
improved electronic and ionic conductivity, including carbon coating, 
nanosizing and doping.[21-24] Various electrode materials with voltages and 
capacities are listed in Figure 1.3. 
 
Figure 1.3 Voltage versus capacity for positive- and negative-electrode materials 
for Li-based cells 




1.4. Overview of Electrolyte Development 
The electrolyte is an ionic conductive media that transport ions. 
Meanwhile, it is an electronic insulator, preventing the short circuit arising 
from the contact between electrodes. Actually, the majority work of 
lithium-ion battery is based on the electrode materials as they mainly 
determine the energy density and power density of a battery instead of the 
electrolyte. But the electrolyte did play an important role in the battery as it 
did have an effect on the energy density and power capability. An ideal 
electrolyte for Li-ion batteries would meet the requirements as follows: 
 A high ionic conductivity (> 10-3 S/cm). 
 A broad electrochemical window (> 4.5 V for high voltage cathodes) 
that the electrolyte will not be depleted significantly. 
 Good compatibility between the electrolyte and the electrodes to keep 
the interfacial impedance as low as possible. 
 Sufficient thermostability that allows the battery to work within a wide 
temperature range. 
 Low cost, non-toxicity and environmentally friendly 
1.4.1. Liquid Electrolytes 
The most frequently used electrolyte is the liquid electrolyte composed of 
lithium salts and organic carbonates. To meet the requirements of an ideal 
electrolyte, the solvent as a component of the liquid electrolyte also needs to 
meet certain criteria:  
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 A high dielectric constant and a low viscosity to ensure a high ionic 
conductivity. 
 A broad electrochemical window to maintain a good stability 
 A low melting point and a high boiling point to ensure a broad work 
temperature range 
 A low cost and nontoxic 
However, it is difficult to meet all the requirements for any single solvent. 
As a subsequence, a combination of several solvents is preferred to achieve 
the best performance. The common organic solvents for Li-ion batteries are 
listed in Table 1.2. 



























































*Adapted with permission from [26]. Copyright © 2004 American Chemical Society. 
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The common lithium salts for liquid electrolytes are including lithium 
perchlorate (LiClO4), lithium hexafluoroarsenate (LiAsF6), lithium 
tetrafluoroborate (LiBF4), lithium trifluoromethanesulfonate (LiTf), lithium 
bis(trifluoromethanesulfony)imide (LiTFSI), lithium bisoxalatoborate (LiBOB) 
and lithium hexafluorophophate (LiPF6).[26] LiClO4 has a high conductivity 
(~9.0 mS/cm in EC/DMC at 20 
o
C) and a high anodic stability (up to 5.1 V). 
However, the strong oxidizing nature of LiClO4 prevents its use from 
commercial application. Compared to LiClO4, LiAsF6 is a superior salt due to 
the good cycling efficiency and the good electrochemical stability. 
Nevertheless, the potential reduction product of toxic As(III) and As(0) from 
the nontoxic As(V) raise severe safety concern in a commercial battery. LiBF4 
is less toxic than LiAsF6 and safer than LiClO4. But the inferior ionic 
conductivity and poor cycling efficiency of LiBF4 make it rare in 
lithium-based cells. LiTf is highly resistant to oxidation and thermally stable 
owing to the greatly enhanced anion stability as a subsequent of the electron 
delocalization effect coupled with the strong electron-withdrawing group. 
Besides, it is also capable of forming stable SEI layer and insensitive to 
ambient moisture. The demerit of LiTf is its poor conductivity. But the main 
obstacle of LiTf for industrial use is the serious corrosion to the aluminium 
current collector. Because the aluminium current collector in commercial 
Li-based batteries is difficult to replace owing to its unique properties such as 
light weight, good processability, resistance to oxidation and low cost. With a 
similar structure to LiTf, LiTFSI exhibits higher thermostability and higher 
ionic conductivity. But the severe aluminium corrosion of LiTFSI greatly 
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restricts the possible application of LiTFSI. LiBOB is a promising salt, which 
was considered as an alternative to LiPF6, because of its high ionic 
conductivity, good thermostability and improved cycle performance. LiPF6 is 
the most frequently used salt for commercial Li-ion batteries because it is the 
best to meet the multifaceted requirements. Unfortunately, the winner LiPF6 
still has its disadvantages, such as low thermal stability and extremely 
moisture sensitivity.  
LiPF6 was dissolved in a combination of different solvents to achieve 
the optimal performance as the electrolyte in a Li-ion battery. However, none 
of these organic solvents are thermodynamically stable with electrodes, 
especially the anode. The carbonate solvents are oxidized or reduced, forming 
solid electrolyte interphase (SEI) layer at the cathode and the anode, 
respectively. The lithium salt also involves in SEI layer formation, leading to 
capacity loss during the initial several cycles.[27-30] Once the SEI layer has 
formed, it suppresses the further SEI growth because the electrolyte cannot 
travel through SEI layer.  That’s why the battery is able to repeat many 
charge-discharge cycles. It also has been found that alkyl and ester carbonate 
solvents such as EC and EMC are capable of forming a stable passivation 
layer with minimum capacity loss.[31] In order to achieve a stable SEI layer 
without significant capacity loss, a small amount of additives is preferred.  
Fluoroethylene carbonate (FEC) and vinylene carbonate (VC) are common 
used additives for Li-based batteries.[32, 33] It is believed that fluoroethylene 
carbonate can accelerate the electrolyte decomposition, producing a uniform 
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SEI layer. It was found that the SEI layer containing FEC has a lower 
resistance, thus reducing the internal resistance of the cell. VC forms a stable 
SEI layer through ring-opening polymerization during the discharge process.  
1.4.2. Ionic Liquids 
The use of a large amount of flammable organic solvent in commercial 
Li-ion batteries raises serious safety concerns. It is critical important to 
develop the non-volatile electrolyte in terms of battery safety. Ionic liquids, 
especially room temperature ionic liquids (RTIL) are quite promising 
electrolytes. RTILs are usually quaternary ammonium salts, such as 
tetraalkylammonium, pyridinium, imidazolium, piperidinium and 











 etc., in which the negative charge is highly 
delocalized. The ionic conductivity of RTILs (0.1-18 mS cm
-1
) is compared to 
the carbonate based liquid electrolytes. But the non-volatility coupled with 
high thermal and chemical stability of RTILs greatly improved the safety. The 
major drawback is the poor wettability of the electrodes resulting from the 
high viscosity.[34-36] 
1.4.3. Solid Inorganics (Ceramics and Glass) 
Similar to ionic liquids, solid electrolytes were proposed to circumvent 
the safety issues associated with carbonate based liquid electrolytes. They are 
intrinsically non-flammable, highly thermally and mechanically stable. Based 
on the prediction of modelling that the Li dendrite growth can be suppressed if 





Pa).[37] Solid inorganics are ideal materials to prevent Li dendrite growth 
because of their mechanical robustness and their unity lithium ion transference 
number. Among the solid electrolytes, lithium phosphorus oxynitride 
(Lipon),[38] Li2S-P2S5,[39] Li10GeP2S12,[40, 41] -Li3PS4,[42] Li4SnS4,[43] 
Li7La3Zr2O12[44], Li7P3S11[45] are prominent examples. It is worthy to note 
that many solid electrolytes have a voltage window beyond 5V and thus can 
perform in a battery with high voltage cathodes, which favours improving 
energy and power density.  
However, most of the solid state batteries possess low power density 
compared to the liquid electrolytes based batteries, owing to their low ionic 
conductivity and the electrode/electrolyte interfacial compatibility. As a 
subsequence, they are limited to thin-film batteries. 
1.4.4. Polymer Electrolytes 
Compared to the inorganic solid electrolyte, solid polymer electrolytes 
(SPEs) with lithium salts dissolved in a polymer matrix, offer same advantages 
over liquid electrolytes such as non-flammability, high thermal stability, low 
cost, flexibility in size and shape and mechanical stability. Polymer 
electrolytes are also helpful to suppress Li dendrite growth.  
Wright et al. first reported ion conduction in poly(ethylene oxide)-salt 
complex in 1973.[46] Then Armand suggested that this system had potential 
battery applications in the future. Driven by the practical application, 
PEO-based complex have been thoroughly investigated.[47-58] The main 
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reason to use poly(ethylene oxide) as the polymer host is owing to the high 
ionic conductivity. The ethylene oxide unit in the linear PEO can form stable 
complex with the alkali cations in a similar way as the well-known crown 
ether does. And it is widely accepted that the ion conduction occurs 
predominantly in the amorphous region of PEO where Li-ions coordinate and 
re-coordinate with ethylene oxide units through chain motion as depicted in 
Figure 1.4.  
Figure 1.4 Schematic presentation of hoping of Li
+
 ion in PEO matrix 
*Reproduced with permission[59]. Copyright © 1998, WILEY-VCH  
As a subsequence, the ionic conductivity is highly dependent on the 
glass transition temperature (Tg). When the temperature is below 60 
o
C, PEO 
tends to crystallize and thus the ionic conductivity drop dramatically. Hence, a 
practical useful conductivity is only maintained at 60 
o
C or higher.  
In addition to temperature, the concentration of lithium salts has also 
an important effect on the ionic conductivity. As the salt concentration 
increases beginning from a dilute solution, the ionic conductivity first 
increases to a maximum value then decreases quickly in concentrated solution. 
It could be understood as follows: at low concentration, more salts mean more 
20 
 
charge carriers and thus higher conductivity. While at high concentration, the 
salts act as weak cross-linker, restricting the segmental motion of the polymer 
chain and thus lower conductivity. 
In order to improve the ionic conductivity, many approaches have been 
developed. One is the combination of short PEO segments with 
dimethylsiloxane (DMS) units, because of its lower Tg.[47, 51, 59-62] The 
drawback of DMS unit incorporation is the poor chemical stability of Si-O 
bonds. Comb branched networks with short PEO side chains were also 
investigated.[52, 63] The short PEO side chain itself had a low Tg and thus 
increasing the amorphous region. The maximum room temperature 
conductivity observed at an optimum chain length of PEO side chains is much 
higher than that of linear PEO-salt complex. The addition of nano-sized 
ceramic fillers such as silica and alumina is another effective way.[50] The 
Lewis acid sites on the surface of inorganic filler compete with lithium cations 
to form complexes with the basic oxygen atoms on the PEO chains. As a result, 
the mobility of Li-ions is enhanced and the crystallinity of PEO is disrupted, 
which the latter further improves the ionic conductivity. Meanwhile, the Lewis 
acid-based interaction is not limited between the ceramic and PEO segments, 
but also between the ceramic and the anions of the lithium salts, resulting in a 
considerably improved lithium-ion transference number.  
But the most common approach is to add liquid plasticizers. The low 
molecular weight PEG was first added as the plasticizer to increase the 
amorphous region since PEG contains the same repeating units with PEO 
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ensuring a good compatibility.[64-66] Later research showed that the free 
hydroxyl group of PEG is detrimental to the battery performance. Then the 
modified PEG with methoxyl groups as terminals was developed to replace 
PEG with free hydroxyl group.[47] Simultaneously, the use of organic 
solvents as the plasticizer was demonstrated.[67] Soon, many solvents 
including ethylene carbonate (EC), propylene carbonate (PC), diethyl 
carbonate (DEC), dimethyl carbonate (DMC), -butyrolactone (BL) and etc 
were investigated as plasticizers separately or as mixtures.[68] As a 
subsequence, gel polymer electrolytes (GPEs) were developed. 
The GPE is a compromise of liquid electrolytes and solid polymer 
electrolytes. They possess high ionic conductivity close to liquid electrolytes 
and maintain good mechanical stability to allow the preparation of membranes. 
The well-known PEO-LiX complex was first evaluated with addition of 





 at room temperature, which is comparable to the liquid electrolytes. 
However, this system had a poor mechanical stability due to the solubility of 
PEO in organic solvents. To deal with this problem, cross-linking of the 
polymer was proposed. And it turned out that the cross-linked polymer had a 
strong ability to trap the solvent inside the matrix.   
Besides, the polyacrylonitrile (PAN)-based gel electrolytes were also 





 at room temperature. The lithium ion transference number was found to 
be more than 0.5 owing to the absence of oxygen atoms in the PAN chain. 
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And it was presumed that there is an interaction between Li
+
 and N atoms in 
PAN polymer matrix which promoted the dissociation of the lithium salt. 
Meanwhile, the interaction reduces the Li-ions mobility. To confirm the 
interaction of the Li-ions with PAN chain, PAN-LiClO4-DMF system was 
investigated by Yang et al and Wang et al using FT-IR technique, but no 
conclusive information was drawn.[74, 75] 
The poly(vinylidene fluoride) (PVdF) is another promising polymer 
host for lithium ion battery because of its attractive properties, including the 
high electrochemical stability due to the presence of strong electron 
withdrawing fluorine atoms and the high dielectric constant which helps to 
dissociate the lithium salts.[76-79] Tsuchida et al found that the viscosity of 
the plasticizer is critical to the ionic conductivity of the PVdF-based gel 
electrolytes.[80, 81] The use of organic solvents with low viscosity is helpful 
to improve the ionic conductivity. However, the PVdF-based gel polymer 
electrolytes possess relatively low ionic conductivity because PVdF tends to 
crystalize, leading to inhomogeneity of the membrane. And it was found that 
PVdF was not thermodynamic stable to lithium although the gel electrolyte 
has a broad electrochemical window. LiF was formed after repeating charge 
and discharge cycles. 
To disrupt the high crystallinity of PVdF, hexafluoropropylene was 
introduced to form a block copolymer. The copolymer PVdF-HFP has a high 
dielectric constant close to PVdF, but a less crystallinity because of the 
incorporation of hexafluoropropylene. The PVdF-HFP based gel electrolytes 
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demonstrate higher ionic conductivity compared to those of PVdF, which is 
attributed to higher amorphous region of PVdF-HFP, favouring ionic 
conductivity.  
The use of poly(methyl methacrylate) (PMMA) as a matrix of gel 
electrolytes was demonstrated by Iijima and Toyoguchi. Later research found 
that PMMA has a better scalability, but a substantial capacity drop upon 
cycling due to the lithium loss.[82-84] To ensure an acceptable cycle life, a 
large excess of lithium is needed. The ionic conductivity of PMMA-based gel 
electrolytes was found to be dependent on the concentration of the polymer. 
With an increasing concentration of the polymer, the ambient temperature 
conductivity decrease, attributed to the interaction between the polymer and 
the lithium salt. The ionic conductivity of various perchlorates of different 
cations including lithium, were examined by Vondrak et al using PC 
plasticized PMMA gel electrolytes. The PMMA-LiClO4-PC possesses the 
maximum conductivity, attributed to the small ionic radius of Li-ions. 
PMMA has a high Tg (105 
o
C) and strong mechanical stability. 
Therefore, the combination of PMMA which can act as a mechanical stiffer 
and a low Tg polymer which acts as a gelled matrix via copolymerization, 
blending, grafting, cross-linking and etc. was developed. The PVC/PMMA 
blending is a successful example. 
 The poly(vinyl chloride) (PVC)-LiTFSI complex plasticized with 
dibutylphthalate (DBP) and dioctyl adipate (DOA) was investigated by 
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Sukeshini et al.[85] The ionic conductivity of the gel electrolyte is greatly 
dependent on the concentration of PVC. To ensure the ionic conductivity, a 
low content of PVC would be required. As PVC does not possess strong 
mechanical strength, the low content of PVC would lead to poor mechanical 
stability. To circumvent this problem, the blending with PMMA which has a 
high tensile strength was proposed. To obtain the optimum performance in 
terms of ionic conductivity and mechanical strength, a 7:3 PMMA/PVC 
blending electrolyte was reported. 
Many GPEs with different polymer matrixes have been studied, 
exhibiting different properties. [71, 86-89] For most of them, these polymers 
are non-conductive, mainly used to provide the mechanical support and retain 
the liquid. Therefore, the porosity of the membrane is critical for ionic 
conductivity.[90] The larger porosity, the more amount of liquid electrolyte 
trapped in the membrane, thus the higher ionic conductivity of the electrolyte. 
The most commonly used method to prepare microporous membrane is phase 
inversion method. But the large porosity may lead to poor mechanical strength. 
As a result, a delicate balance of ionic conductivity and mechanical robustness 
is maintained to achieve the optimal performance.  
1.4.5. Single-ion Polymer Electrolytes 
For GPEs composed of a polymer matrix and a lithium salt, both 
cations and anions migrate toward opposite electrodes during charge and 
discharge processes, leading to significant concentration polarization 
overpotentials, especially at high current rates.[68] In addition, the 
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concentration gradient inherently associated with dual-ion electrolytes, 
particularly the ion distribution near the negative electrode during dramatically 
affects the deposit’s morphology-dendrite growth. According to the simulation 
of Li dendrite growth in a Li symmetric cell with the inter-electrode distance L 
and the initial Li salt concentration Co by Brissot and Chazalviel et al,[91, 92] 






                                        Eq. 1.11 
Where J represents the effective electrode current density, D is the ambipolar 
diffusion coefficient, e stands the electronic charge, a and Li+ are the anionic 
and cationic mobilities, respectively.  
When a low current density was applied to charge i.e. dC/dx<2Co/L, a steady 
state of concentration polarization is maintained, thus the anion concentration 
at the negative electrode Ca=Co-ΔCa and the lithium concentration at the 
positive electrode CLi+=Co+ΔCLi+, where 





                                Eq. 1.12 
Therefore, no significant dendrite growth forms under this condition. 
When a high current density was applied to charge i.e. dC/dx>2Co/L, a steady 
state of concentration polarization cannot be reached. Consequently, the anion 
concentration at the negative electrode goes to zero at a certain time named 
“Sand’s time” , which can descried using the following equation: 
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 and 𝑡𝑎 ≈ 1 − 𝑡𝐿𝑖+ =
𝜇𝑎
𝜇𝑎+𝜇𝐿𝑖+
                    Eq 1.13 
Where ta and tLi+ stand for the anionic and Li
+
 ion transference number, 
respectively. The zero anion concentration at the negative electrode leads to an 
excess of positive charge, which form local space charge and lead to 
nucleation and dendrite growth. The theory was confirmed by experimental 
results that the occurrence of dendrite is very close to Sand’s time.[93, 94] 
 Therefore, if the Li
+
 ion transference number is unity, metallic lithium can 
be used as the anode without Li dendrite growth theoretically. Then the energy 
and power density of the cell will be greatly increased. To increase the Li-ion 
transference number, single-ion polymers (SIPEs) were proposed.  
For a SIPE, all the anions are covalently bonded to the polymeric 
framework. In 1984, Bannister D. J. reported two SIPEs with Li carboxylate 
attached to side chains of poly(methylacrylic acid), where the anion mobility 
is close to zero.[95] Subsequently, N. Kobayashi et al prepared a copolymer 
using lithium methylacrylate and oligo(oxyethylene) methylacrylate as 
precoursors.[96] A unity cation transference number was achieved. The 
oligo(oxyethylene) was introduced to improve the Li-ions dissociation and 
transportation. Zhang S. reported a copolymer with a similar backbone, using 
Li sulfonate instead of Li carboxylate, exhibiting a higher ionic 
conductivity.[60]   
 In subsequent studies, many functional groups were incorporated, such 
as aluminium centre,[97-101] boron centre (via B-C bond 
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connection),[102-105] crosslinked phosphates[106-108], phenolate[109], 
carboxylate[96, 110, 111], and sulfonimide[112-117] and sulfonate[110, 
118-125] as to introduce lithium ions into a polymer backbone. A high lithium 
ion transference number were successfully achieved. In addition, these SIPE 
membranes have been shown to display excellent thermal and mechanical 
stability and a wide electrochemical window. It was found that the 
counteranion surrounded by an electron-withdraw group possessing a 
relatively higher ionic conductivity. Therefore, the sulfonimide and sulfonate 
particularly with fluorine substitution are the most frequently used functional 
groups.[126-129] It is worthy pointing out that Armand et al reported a SIPE 
with outstanding performance.[130] The BAB triblock copolymer was 
designed shown in Figure 1.5a, where B is the block provding the mechanical 
strength based on poly(styrene trifluoromethanesulphonylimide of lithium) 
(P(STFSILi)) and A is the ionic conductor block based on the linear PEO. The 
copolymer electrolyte exhibit a tensile stress about one order higher than that 
of PS-PEO-PS in Figure 1.5b, which is expected to mitigate the dendrite 
growth on lithium metal. The high Li-ion transference number (0.85) of the 
BAB copolymer was also believed to suppress Li dendrite. The battery 
assembled with the LiFePO4 cathode and a Li foil anode possessed excellent 
cycle stability, indicating the importance of SIPEs for long term operation.  
However, the ionic conductivity of most SIPEs is still relatively low due 
to the tight ion pairs caused by the strong electrostatic interaction between 
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lithium ions and counter anions. To develop SIPEs with high ionic 
conductivity for high power applications is still challenging. 
Figure 1.5 (a) Chemical structure of the single-ion triblock copolymer 
P(STFSILi)-b-PEO-b-P(STFSILi); (b) comparison of the tensile stress at 40 
o
C 
of PS-PEO-PS with 25 wt% PS loaded with LiTFSI and the copolymer 
P(STFSILi)-PEO-P(STFSILi) with 31 wt% P(STFSILi) 




 boron based SIPEs (via B-O bond connection). Actually, 
the idea of sp
3
 boron electrolytes was not new. Lithium chelatoborates as 
electrolyte salts dissolved in flammable organic solvents have been widely 
investigated and considered as an alternative to LiPF6. Since the pioneer work 
by Gores et al. on small molecular lithium chelatoborates,[131-136] a number 
of electrochemically active new boron complexes have been 
synthesized,[137-144]among which lithium bis(oxalato)borate (LiBOB) and 
lithium oxalyldifluoroborate (LiODFB) are the most prominent representatives. 
These lithium chelatoborates dissolved in organic solvent exhibit a 
comparable ionic conductivity to LiPF6. Moreover, they display superior 
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thermal stability as well as a higher lithium ion transference number due to the 
charge delocalization in the large anions of salts.  
Therefore, sp
3
 based SIPEs through the incorporation of lithium 
chelatoborates into polymer backbones seems to be unique, since the safety 
concerns associated with liquid electrolytes are largely alleviated and the 
strong electrostatic interaction between lithium ions and anions is greatly 
weakened. In these materials, anions are directly anchored in polymer 
networks and the charge is delocalized in the large anions, resulting in a high 
ionic conductivity, good thermal stability and electrochemical stability. 
Moreover, the weakened electrostatic interaction between lithium ions and 
their counter ions leads to significantly higher Li
+
 mobility and a substantially 
higher ion transference number close to unity. Actually, a number of sp
3
 boron 
based single ion electrolytes were successfully synthesized and well 
characterized by Angell [145-147], and Kerr [148, 149]. Angell presented a 
protocol through partial reaction between boric acid and oxalic acid as well as 
malonic acid, where mono-oxalato-capped and mono-malonato-capped 
orthoborates were synthesized. Then the orthoborates were incorporated into a 
polyether backbones though the reaction with different oligo(alkene glycols). 
Consequently, these materials exhibit significant conductivity after some post 
modification. However, the ionic conductivity of these materials was 




 at ambient temperature. 
Moreover, the lithium ion transference number of these materials was far less 
than unity, which was proved to be inevitable in the selected synthesis 
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procedure claimed by the author. Instead of incorporation of orthoborates into 
the polymer backbones, Kerr introduced orthoborates as a side chain into a 
polyether based polymer. It proved to be an effective way to achieve high 
lithium ion transference number. However, the ionic conductivity was still low 
at room temperature due to the relatively small charge carrier number. The 
complicated synthesis procedure is another disadvantage.  
Up to date, few sp
3
 boron based SIPEs with high ionic conductivity, 
high lithium ion transference number and excellent battery performance have 
been reported in recently years only by our group[126, 150-153] and 
others[154-161].  
1.5. Objectives 
The aim of this study was to synthesize new sp
3
 boron-based SIPEs 
with high ionic conductivity, high lithium ion transference number and good 
battery performance. The specific objectives of this research were to:  
 design and  synthesize novel sp3 boron-based SIPEs. 
 characterize the structure and electrochemical performance of the 
synthesized polymers. 
 investigate the relationship between structures and electrochemical 
performances.  
The results of this present study may have two significant impacts. One 
is to expand the family of SIPEs, promoting the development of SIPEs for 
lithium ion batteries. The other is to investigate the relationship between the 
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structure and the electrochemical performances of the synthesized polymers, 
helpful to the future design of sp
3
 boron SIPEs.  
The thesis begins with a general introduction of Li-ion battery 
development (Chapter 1), and the experimental techniques applied (Chapter 2). 
It continuous to main body of this thesis, synthesis and characterization of 
different SIPEs with aromatic acid precursor (Chapter 3), aliphatic acid 
precursor (Chapter 4), phenol precursor (Chapter 5) and aluminium precursor 
(Chapter 6). Finally in Chapter 7, the thesis discloses with a general summary 
of results and an outlook for the future.  
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2.1. Structure Characterization  
2.1.1. Elemental Analysis 
Elemental analysis is a process that the elemental component including 
isotope of a material can be analysed quantitatively or qualitatively depending 
the requirements. It is quite helpful to determine the structure of the unknown. 
Besides, it is also can be employed to evaluate the purity of a synthetic 
compound. According to the elements to be determined, EA can be mainly 
divided into two processes. 
For CHNS elements: 
A certain amount of sample was measured prior to be burned in an 
excess of oxygen. The corresponding combustion products: carbon dioxide, 
water, nitric oxide and sulphur dioxide were collected and used for the 
calculation of the unknown sample. 
For metal elements: 
A certain amount of sample was measured prior to be digested by 
hydrofluoric acid or aqua regia. The typical digestion process is to use 
hydrofluoric acid. If the sample can’t dissolve in hydrofluoric acid, aqua regia 
will be added followed by heating. Once cooled down, the obtained mixture 




2.1.2. Fourier Transform Infrared Spectroscopy (FT-IR) 
“Fourier transform infrared spectroscopy (FTIR) is a technique which 
is used to obtain an infrared spectrum of absorption, emission, 
photoconductivity or Raman scattering of a solid, liquid or gas.” (from 
Wikipedia) 
Some functional groups have strong and special IR absorption, which 
can be qualitatively determined. This is the principal of the use of FT-IR for 
the characterization of the synthesized sample. FTIR spectra were recorded on 
a Varian resolutions in the frequency range of 4000-600 cm
-1
. The typical 
procedure is as follows: The pellet of potassium bromide and sample (mass 
ratio, 100/1) mixture was prepared under the pressure of 10 t.  After 
collecting the spectrum of the background, the prepared pellet was scanned. 
Then the spectrum of the sample was collected after the automatic subtraction 
of the background. 
2.1.3. Nuclear Magnetic Resonance (NMR) 
“Nuclear magnetic resonance (NMR) is a physical phenomenon in 
which nuclei in a magnetic field absorb and re-emit electromagnetic radiation.” 
(from Wikipedia) 
This technique is applicable to those isotopes that contain an odd 




C are most 
commonly studied due to their broad distribution in organic materials. For 
those that could dissolve in common NMR solvents, such as chloroform-d and 
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dimethyl sulfoxide-d6, they were prepared as a solution and measured on a 




C NMR, the NMR solvent 
peak was used as a reference. For 
27
Al NMR, a sealed tube filled with 1M 
Al(NO3)3 was used as an external reference. For those that couldn’t dissolve in 
any common NMR solvents, they were used as powder directly and measured 





C NMR, a sealed tube filled with dimethyl 
sulfoxide-d6 was used as an external reference. For 
27
Al NMR, a sealed tube 
filled with 1M Al(NO3)3 was used as an external reference. 
2.1.4. Gel Permeation Chromatography (GPC) 
Gel permeation chromatography (GPC) is a type of size exclusion 
chromatography that separates analytes on the basis of size or hydrodynamic 
volume (radius of gyration). It is often used to determine the relative 
molecular weight of polymers as well as the distribution of molecular weights. 
The molecular weight and poly dispersity index (PDI) were recorded on a 
Waters 515 HPLC Pump, Waters 2707 Autosampler, Waters 2414 Refractive 
Index Detector. Polyethylene oxide (PEO) was used as a standard for 
calibration. The typical procedure is as follows: the sample was dissolved in 
ultra-pure water with a concentration of 1-3 mg/mL. After filtration, 
approximately 1 mL solution was added into the GPC bottle. Then ca. 50uL 
solution was injected into the column. According to the different retention 




2.1.5. Thermogravimetric Analysis (TGA) 
“Thermogravimetric analysis is a method of thermal analysis in which 
changes in physical and chemical properties of materials are measured as a 
function of increasing temperature (with constant heating rate), or as a 
function of time (with constant temperature and/or constant mass loss).”(from 
Wikipedia) 
We employ this technique to determine the sample decomposition 
temperature deduced from the mass loss. Usually, it is conducted with a 




) under nitrogen atmosphere to exclude 
the oxidation effect by oxygen, particularly at high temperature. The TG 
curves were recorded on TA instrument 2960 (DTA-TGA) that covers a 
temperature ranging from 25 to 1000 
o
C. 
2.1.6. Field Emission Scanning Electron Microscope (FE-SEM) 
The scanning electron microscope (SEM) produces the images of the 
sample’s surface morphology, via the interaction between the electrons and 
atoms in the sample, giving various signals that can be detected. FE-SEM 
means there is a field-emission cathode in the electron gun, providing 
narrower probing beams at low as well as high electron energy, resulting in 
both improved spatial resolution and minimized sample charging and damage. 
The FE-SEM images were recorded on a JEOL JSM-6701F instrument. 
The typical procedure is as follows: the sample was attached to a double sided 
carbon type, which was pasted on the sample holder. Due to the poor 
electronic conductivity, the sample was coated with platinum at the current of 
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30mA for 20s or longer, depending on the requirements, with JEOL JFC-1600 
Fine Coater. Then the Pt coated sample was imaged. 
2.1.7. Powder X-ray Diffraction 
Powder X-ray diffraction is primarily used for phase identification of a 
crystalline material and can provide information on unit cell dimension. The 
principal of this technique is Bragg's Law (nλ=2d sin θ). Powder X-ray 
diffraction patterns of the synthesized samples were obtained on a Bruker D8 
Advance X-ray Powder Diffractometer equipped with a Cu sealed tube (λ = 
1.54178 Å) at a scan rate of 0.02 deg s
-1
. The samples were ground finely to 
minimize inducing extra strain and randomize orientation. Then the sample 
were placed into a sample holder and pressed with a glass slide to ensure a flat 
upper surface prior to scanning. 
2.1.8. Surface Area 
 Nitrogen gas sorption isotherms were measured up to 1 bar using a 
Micromeritics ASAP 2020 surface area and pore size analyzer. Before the 
measurements, the sample was degassed under a reduced pressure (< 10
-2
 
Pa) at 120 °C for 12 h. UHP grade N2 were used for the measurements. 
Oil-free vacuum pumps and oil-free pressure regulators were used to 
prevent contamination of the samples during the degassing process and 
isotherm measurement. The temperature at 77 K was maintained with a 
liquid nitrogen bath. Pore size distribution data were calculated from the 
N2 sorption isotherms at 77 K based on non-local density functional 
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theory (NLDFT) model in the Micromeritics ASAP2020 software 
package (assuming cylinder pore geometry).  
2.2. Electrochemical Characterization  
2.2.1. Linear Sweep Voltammetry (LSV) and Cyclic Voltammetry (CV) 
The linear sweep voltammetry is a type of voltammetric technique 
study the relationship between the current at a working electrode and the linear 
increasing potential between the working electrode and a reference electrode. 
A peak or trough in the current signal can used to deduce the oxidation or 
reduction of the sample.  
The LSV measurement was conducted using a CHI workstation with a 
potentiostat and a three-electrode setup, in the range from 2.5 V to 6 V at the 
rate of 1 mV/s. A lithium foil was employed as a counter and reference 
electrode. The cyclic voltammetry is quite similar to LSV. The chief 
difference is that LSV utilizes increasing potential only meanwhile CV utilizes 
both increasing and decreasing potentials. Here, both LSV and CV are 
employed to evaluate the electrochemical stability of the single-ion electrolyte. 
2.2.2. Ionic Conductivity  
The ionic conductivity of a membrane is calculated using the 
electrochemical impedance spectroscopy (EIS) method. The typical 
measurement procedure is as follows: the soaked membrane was firstly cut 
into a circular shape with an ejector. Then the membrane was assembled in a 
blocking-type device by sandwiching the membrane between two stain-steel 
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electrodes in an argon-filled glovebox (oxygen level < 1 ppm, moisture level < 
0.5 ppm). This device was heated at 60
o
C for overnight prior to test to ensure 
the good contact between the membrane and the electrodes. Then impedance 




C, downwards, was collected using Zahner 
Zennium electrochemical impedance spectroscopy in the range of 4MHz to 
1Hz. A typical Nyquist plot i.e. a combination of a semicircle and a linear line 
was obtained. Through the simulation of the equivalent circuit, the bulk 
resistance was calculated. Finally, the ionic conductivity of the membrane was 




   
where is the ionic conductivity, l is the thickness of the electrolyte 
membrane, R is the bulk resistance and a is the surface area.  
2.2.3. Lithium-ion Transference Number 
The electrochemical method for the determination of transference 
number was proposed by Evan et al.[162] The typical procedure was as 
follows: First, Li| SIPE| Li cell (CR2025) was fabricated in an argon-filled 
glovebox. After equilibration for hours, the cell impedance was collected in 
the frequency range of 4 MHz-1Hz with an AC amplitude of 5 mV on a 
Zahner Zennium electrochemical workstation. Then a DC potential of 10 mV 
was applied to the cell, and the current was monitored until a steady-state was 
reached. The cell impedance was now collected again. Lithium-ion 
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2.2.4. Electrode Preparation 
The cathode was composed of 80% wt LiFePO4, 10% wt PVDF and 10% 
wt acetylene black. The PVDF was firstly dissolved in NMP. Then the well 
ground LiFePO4 and acetylene were added. The obtained homogenous 
dispersion was casted on an aluminium foil. The resulting electrode was dried 
in a vacuum oven at 80
o
C for 12 hours and subsequently cut in a circular 
shape used in coin cells. 
2.2.5. Battery Assemble and Test 
To analyse the battery performance, a multichannel battery testing 
instrument Arbin BT-2000 was used for the discharge capacity measurement 
of the coin cells assembled with the synthesized polymeric electrolyte 
membrane in the voltage range of 2.5-3.8V. LiFePO4 was used as the cathode 
and a lithium foil was used as the anode. The assembling of the standard coin 
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3.1. Lithium Poly (Pyromellitic Acid Borate) (LiPPAB) 
Electrolyte  
In this chapter, the synthesis and characterization of an aromatic 
carboxylic acid based sp
3 
boron single-ion polymer electrolyte was presented. 
The SIPE material, lithium poly (pyromellitic aicd borate) (LiPPAB), was 
synthesized via two steps shown in Scheme 3.1. The anions were covalently 
bonded to the polymeric framework, leading to a substantial high lithium-ion 
transference number (0.74) compared to the conventional liquid electrolytes. 
Meanwhile the charge delocalization in the polyanions gives rise to high ionic 





When the battery performance of the membrane was evaluated, it was 
surprising that the binder contained in the membrane played a critical role. 
Initially, we used PVDF as the binder to prepare a membrane. The batteries 
assembled with the LiPPAB/PVDF blended membrane could not perform 
because of the high interfacial resistance between electrodes and the 
electrolyte membrane. This is chiefly attributed to the high crystalline nature 
of PVDF, which limits the swelling capability of the membrane required to 
accommodate the organic solvents inside the battery cells.[163, 164] Then, 
PVdF-HFP, a copolymer with much lower crystallinity than PVDF,[165] was 
used to form membranes. The resultant membranes are with tunable thickness 
and flexibility and thus reduce the interfacial resistance significantly. As a 
consequence, significant battery performance at both room temperature and 
elevated temperature was achieved. 
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3.2. Experimental  
The synthesis protocol of LiPPAB was done through polymerization of 
the two monomers shown in Scheme 3.1.  
 
 
Scheme 3.1 Procedure of LiPPAB synthesis 
 
3.2.1. Materials 
Pyromellitic acid (Alfa-Aesar); hexamethyldisilazane (HMDS), (Alfa-Aesar); 
trimethyl borate (Alfa-Aesar); lithium metal, (chemmetall); trimethylsilyl chloride 
(TMCS), (Alfa-Aesar); 1, 2-dichlorethane (DCE), (Merck); methanol (Fisher); N, 
N-dimethylformamide (DMF) (Tedia); acetonitrile (Tedia). 
3.2.2. Synthesis of Lithium Poly (Pyromellitic Acid Borate) (LiPPAB) 
3.2.2.1. Synthesis of Lithium Tetramethanolatoborate (LiB(OCH3)4)  
Lithium tetramethanolatoborate was synthesized and purified 
according to the procedure proposed by Wuhr[29]. NMR spectra in DMSO-d6: 
1
H, 3.16 ppm (s); 13C, 48.50 ppm; 11B (relative to BF3.Et2O),  3.62 ppm. 
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3.2.2.2. Silylation of Pyromellitic Acid (Precursor A) 
The silylation was carried out under argon atmosphere through a 
pyromellitic acid reaction with anhydrous hexamethyldisilazane (HMDS) in 
dehydrated 1, 2-dichloroethane (DCE) at 100 
o
C . The organic solvent (DCE) 
and an excess of hexamethylsilazane (HMDS) were then removed using 
rotavapor. The silylated pyromellitic acid was characterized by 
1
H NMR 
(CDCl3):  ppm 7.96 (2H, s), 0.39 (18H, s).                                                                                                                                                                         
3.2.2.3. Synthesis of Lithium Poly (Pyromellitic Acid Borate) (LiPPAB) 
The polymerization was done by stirring silylated pyromellitic acid 
with lithium tetramethanolatoborate in DMF at 50 
o
C for 3 days under argon 
atmosphere. The resultant product was collected through filtration followed by 
purification by a soxhlet extraction with acetonitrile. The product was then 
dried at 120 
o
C for 24 h. FT-IR data (KBr, cm
-1
): 1356, 1300, 1263 and 1117. 
NMR spectra in DMSO-d6: 
11
B (referenced to BF3.Et2O)  ppm 2.37, 20.11. 
3.2.3. Gel Polymer Electrolyte Membrane Preparation 
150 mg LiPPAB, 150 mg PVdF-HFP and 8 mL DMF were added into 
a small vessel and kept stirring at 80 
o
C to obtain a transparent solution, which 
was then casted onto a petri dish and dried in an oven at 80 
o
C. The membrane 
was further dried in a vacuum oven at 80 
o
C for 12 hours. Finally, the 
membrane was transferred into a glove box filled with argon and placed in an 
EC/PC (1:1) solution. 
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3.3. Results and Discussion 
3.3.1. Synthesis and Structure Characterization of Lithium Poly (Pyromellitic 
Acid Borate) (LiPPAB)  
As depicted in Scheme 3.1, LiPPAB was synthesized via 
polymerization of a silylated pyromellitic acid with lithium 
tetramethanolatoborate. GPC analysis of the polymer in the aqueous phase 
gives the number average molecular weight (Mn) of 7,400, weight average 
molecular weight (Mw) of 8,900, and a poly dispersity index (PDI) of 1.21 
based on the polystyrene standard. The IR spectra of LiPPAB and the 
precursor LiB(OCH3)4 are shown in Figure 3.1. LiB(OCH3)4 exhibits a 
characteristic absorption associated with the B-O stretching modes around 
1100 cm
-1
 wavenumber.[166] A broad absorption around 3500 cm
-1
 is 
attributed to absorbed methanol as a result of the strong polarity due to the 
ionic bond. A pronounced signal at 1117cm
-1
 is observed in the spectra of 
LiPPAB, indicating the existence of B-O bond in the synthesized compound. 
The broad peak at ~ 3000 cm
-1
 of this material is attributed to the absorbed 
moisture and the strong peak at 1700 cm
-1
 corresponds to vc=o. The 
11
B NMR 
spectra of LiPPAB (Figure 3.2) clearly indicate that the majority of the boron 
atoms in the compound adopt a sp
3
-configuration.[167] Nevertheless, a sp
2
 





Figure 3.1 The FT-IR spectrum of LiPPAB 












Figure 3.2 The 
11
B NMR in DMSO-d6 referenced to BF3 Et2O 
 
3.3.2. Thermostability 
















































The TGA curve of LiPPAB under nitrogen is shown in Figure 3.3. The 
first 5% weight loss before 100 
o
C is attributed to the evaporation of residual 
solvent or moisture. No weight loss is observed till 220 
o
C, after which the 
compound decomposes completely. Thermal degradation is probably due to 
the cleavage of B-O bonds since the pyromellitic acid part is very stable. This 
one step degradation is probably due to the homogeneity of the four B-O 
bonds in the polymer. The result suggests that PPAB exhibits sufficient 
thermal stability up to 220 
o
C, suitable for battery operation at elevated 
temperatures. 
3.3.3. Surface Morphology 
The FE-SEM images of the LiPPAB powder (left) and the 
LiPPAB/PVdF-HFP polymer electrolyte membrane (right) are shown in Figure 
3.4. Here, the LiPPAB particles display a cube-like morphology with a length 
of approximately 1 m. The LiPPAB/PVdF-HFP membrane exhibits pores and 
channels, which facilitate the contact with organic solvents, thus improving 
lithium ions solvation and mobility. These pores and channels are attributed to 
the severe phase separation as a result of the poor compatibility between the 




Figure 3.4 The FE-SEM images of the LiPPAB powder (left) and the 
LiPPAB/PVdF-HFP membrane (right) 
3.3.4. Electrochemical Stability 
The electrochemical stability of the LiPPAB/PVdF-HFP/EC:PC 
composite membrane was measured using linear sweep voltammetry shown in 
Figure 3.5. Electrochemically, substantial oxidative degradation of the 
prepared membrane occurs around 5 V vs Li
+
/Li, indicating a wide 
electrochemical window. The result suggests that the LiPPAB membrane 
should be stable for battery operation with most commonly used cathode 
materials,[16] such as LiFePO4 (3.8 V), MnxOy (4.2 V) and perhaps even 
multi-component metal oxides (4.4V-4.8V). 























Figure 3.5 The linear sweep voltammetry of LiPPAB/PVdF-HFP composite 





3.3.5. Ionic Conductivity 





where is the ionic conductivity, l is the thickness of the electrolyte 
membrane, R is the bulk resistance and a is the surface area. The ionic 





, which is typical for single ion gel electrolytes.[112, 159, 160, 168, 
169] The relatively high ionic conductivity is attributed to the strong electron 
delocalization effect arising from the sp
3
 boron environment in the polymer, 
which enhances the mobility of Li ions in the polymer matrix. 
 
Figure 3.6 The EIS of the LiPPAB/PVdF-HFP composite membrane at room 
temperature 





C downwards is shown in Figure 3.7, which displays the typical Arrhenius 
behavior. The activation energy was calculated to be 9.86 kJ.mol
-1
, on the 
same order of magnitude of other single-ion electrolytes.[159, 160] The 
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relatively low activation energy arises from the mechanical coupling between 
the ion transport and the mobility of the polymer host at a given temperature 
according to the free volume law.[116, 170] The highest ionic conductivity at 
70 
o



























Figure 3.7 The temperature dependence of ionic conductivity of the LiPPA 
B/PVdF-HFP composite membrane 
 
3.3.6. Lithium-ion Transference Number 



















Figure 3.8 The time-dependent response of DC polarization of the 
Li|PVdF-HFP/LiPPAB|Li symmetry cell polarized with a potential of 10 mV 
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The lithium ion transference number, tLi
+
, was measured by 
sandwiching the prepared membrane between two electrodes.[117, 171] 
Subsequently, the value was derived using the equation proposed by Evans et 
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   
where ΔV is the potential applied across the cell, Ro and Rs are the initial and 
the steady-state resistances of the passivation layer on the electrodes, and Io 
and Is are the initial and the steady-state currents. For the LiPPAB membrane, 
the calculated value of tLi
+
 is 0.74 at room temperature, which is substantially 
higher than the values of conventional liquid electrolytes and gel polymer 
electrolytes [172] but still significantly far from unity. There are two possible 
reasons. One is due to the relatively small molecular weight, as shown in the 
GPC data, which promotes concentration polarization. Therefore, increasing 
molecular weight through optimization of experimental conditions may 
significantly increase the ion transference number. The second reason may be 
attributed to some small lithium salt trapped inside the polymer matrix after 
Soxhlet extraction with acetonitrile. Again, optimization of polymerization 




Table 3.1 The measured initial and steady-state currents, the initial and 
steady-state resistances of the passivation layers on the Li electrode and the ion 
transference number 
△V/ mV I0/μA Is/μA R0/ Ω Rs/ Ω tLi
+
 
10 8.52 6.42 17.83 20.63 0.74 
3.3.7. Battery Performance 
To evaluate battery performance of the LiPPAB/PVdF-HFP/EC:PC 
composite membrane, we assembled several coin cells with LiFePO4 as the 
cathode and a Li foil as the anode.  
The discharge cycle performance of the device is displayed in Figure 
3.8. Remarkably, the battery exhibits performance even at room temperature, 
which is rare for Li-ion batteries with a single-ion polymer electrolyte. The 
results suggest that the electrolyte membrane is indeed battery active, 
Reversible discharge capacities at room temperature was found to be 125 mAh 
g
-1
 and 90 mAh g
-1
 at 0.1 C and 0.2 C, respectively, still considerably lower 
than the theoretical value of 170 mAh g
-1
. There is no significant capacity 
decline after 10 cycles at 0.1 C and 0.2 C due to the high stability of the 
prepared membrane. At an elevated temperature (80
o
C), the discharge capacity 
increases to 115mAh g
-1
 at 0.2 C as a result of a lower resistance. 
The assembled battery failed to work at higher charge/discharge rates 
likely due to the poor compatibility between the electrolyte and electrodes as 
well as the high resistance caused by concentration polarization. Once again, it 
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is envisaged that the battery performance can be significantly improved by 
increasing the molecular weights and improving compatibility. 











































Figure 3.9 The cycle performance of the LiFePO4|LiPPAB/PVdF-HFP|Li metal 
cell 
3.4. Conclusions 
We have synthesized a poly (pyromellitic acid borate) complex and 
used it as a single-ion polymer electrolyte for Li-ion batteries. The sp
3
 boron 
configuration facilitates delocalization of anionic charges in the polymer 
framework, leading to enhanced mobility of lithium ions in the polymer matrix. 
As a consequence, the composite membrane displays a high ionic conductivity 




 at room temperature and the measured lithium 
transference number of the SIPE membrane becomes substantially higher than 
the value of conventional liquid electrolytes and gel polymer electrolytes. The 
membrane also exhibits good thermostability and electrochemical stability. 
The battery performance with the composite membrane was evaluated using 
an assembled coin cell of LiFePO4/SIPE/Li. The cathode delivers a 
moderately high reversible discharge capacity both at room temperature and at 
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an elevated temperature, remarkable for a single-ion polymer electrolyte. The 
battery was demonstrated to be operative in a broad working temperature 
range. Further enhancement in battery performance is envisaged through 
improvement of compatibility between the electrolyte and electrodes and 
reduction of concentration polarization by increasing the molecular weight of 
the polymer. 
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4.1. Lithium Poly (1, 2, 3, 4-Butanetetracarboxylic Acid Borate) 
(LiPBAB) Gel Electrolyte 
In Chapter 3, an aromatic acid based sp
3
 boron SIPE LiPPAB was 
successfully synthesized and the collected material exhibited good 
electrochemical performance. But the composite membrane demonstrates poor 
compatibility caused by the high rigid LiPPAB and flexible PVDF-HFP. In 
this chapter, an aliphatic carboxylic acid was employed to produce sp
3 
boron 
based SIPE in order to improve the membrane compatibility because of the 
higher flexibility. The synthesis protocol of lithium poly (1, 2, 3, 
4-butanetetracarboxylic acid borate) (LiPBAB) was shown in Scheme 4.1. The 
membrane composed of LiPBAB and PVdF-HFP, exhibits high ionic 




), high lithium-ion 
transference number (0.87) and a broad electrochemical window (up to 4.2 V 
V.S. Li
+
/Li). The batteries assembled with the SIPE gave good performance at 
room temperature as well as elevated temperatures. 
4.2. Experimental  
The synthesis protocol of LiPBAB was done through polymerization 




Scheme 4.1 Procedure of LiPBAB synthesis 
4.2.1. Materials 
1, 2, 3, 4-butanetetracarboxylic acid (99.99%) (Sigma Aldrich), 
hexamethyldisilazane (Sigma Aldrich), 1, 2-dichloroethane (DCE) (Sigma 
Aldrich), trimethylborate (Sigma Aldrich), PVdF-HFP (Sigma Aldrich), 
acetylene black (Sigma Aldrich), LiFePO4 (Sigma Aldrich), acetonitrile 
(Fisher). DCE and acetonitrile were dried over phosphorus (V) oxide, while 
methanol was dried over magnesium/iodine prior to use. 
4.2.2. Synthesis of Lithium Poly (1, 2, 3, 4-Butanetetracarboxylic Acid Borate) 
(LiPBAB)  
4.2.2.1. Silylation of 1, 2, 3, 4- Butanetetracarboxylic Acid. 
The silylation reaction was carried out under argon atmosphere by 
reacting 4.6832 g of 1,2,3,4-butanetetracarboxylic acid (20 mmol) with 10 ml 
of hexamethyldisilane (HMDS) (50 mmol) in anhydrous DCE at 100 °C till all 
acidic moieties were consumed (ca. 6 hrs). The white solid product was 





H NMR (DMSO-d6): δ 3.80 ppm (2H, d), δ 3.12 ppm (2H, 
d), δ 0.20 ppm (18H, s). 
4.2.2.2. Synthesis of Lithium Poly (1, 2, 3, 4-Butanetetracarboxylic Acid 
Borate) (LiPBAB) 
The polymerization was done by stirring lithium 
tetramethanolatoborate and the silylation derivative of 
1,2,3,4-butanetetracarboxylic acid  in an anhydrous acetonitrile (ACN) at 
45 °C for 1 day and subsequently at 70 °C for another 3 days. The raw product 
was purified via washing with ACN. After drying at 120 
o
C under vacuum for 
24 hrs, the final product (LiPBAB) was collected and stored in the argon-filled 
glove box for further characterizations.
 
 
4.2.3. Preparation of Single-ion Conductor Membrane  
The PVdF-HFP/LiPBAB membrane was prepared via a solution cast 
method.
 
0.15 g of PVdF-HFP and 0.05g of LiPBAB were dissolved in a 8 ml 
of DMF solvent at 80 
o
C to form a homogeneous solution. The solution was 
subsequently casted onto a glass petri dish and kept in an oven at 80 
o
C for 24 
hrs to evaporate DMF. A trace amount of DMF was fully removed under 
vacuum at 80 
o
C for two days. Finally, the membrane was transferred to an 
argon-filled glove box and stored in a mixture of EC/PC (v:v, 1:1) solvents for 
further characterizations.  
Electrochemically, the thickness of a membrane may exert a strong 
influence on battery performance. In general, a thinner membrane offers a 
lower resistance, which leads to better battery performance; however, it may 
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also give rise to serious issues on mechanical strength, making the battery 
fragile for short-circuiting. Therefore, a delicate balance between mechanical 
strength and resistivity must be considered for membrane fabrication. It was 
reported that a thickness of 50-100 μm is adequate to achieve sufficient 
mechanical strength. In the present study, we chose 50 μm for the membrane 
after considering both electrochemical performance and mechanical 
properties. 
4.3. Results and Discussion 
4.3.1. Synthesis and Characterization of Lithium Poly (1, 2, 3, 
4-Butanetetracarboxylic Acid Borate) (LiPBAB) 







B NMR, FTIR and GPC characterizations. The 
1
H NMR (D2O) peaks at 2.80 (2H, m), δ 2.50 (2H, m), δ 2.38 (2H, m) (Figure 
4.1a) and the 
13
C NMR (D2O) peaks at 179.19 (s, CH2COO), 177.89 (s, 
CHCOO), 46.31 (s, CH), 36.95 (s, CH2) (Figure 4.1b) agree well with of the 
corresponding signals of the 1,2,3,4-butanetetracarboxylic acid precursor. The 
11
B NMR spectrum (Figure 4.1c) exhibits a peak at 0.66 ppm, reflecting a 
typical sp
3
 hybridized state of boron atoms.[167] The FT-IR (Figure 4.1d) 
peaks at 1084 cm
-1 
correspond to the stretch mode of the B-O bond  while  
the peaks at 1674 and 1693 cm
-1
 correspond the C=O bonds of the carboxylic 
group.[166] The number-average molecular weight (Mn), the weight average 
molecular weight (Mw) and poly dispersity index (PDI) of LiPBAB, obtained 
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from GPC analysis, are 29,400, 32,000 and 1.16, respectively, validating a 
polymeric structure with a narrow distribution of the molecular weights. 
 
Figure 4.1 Characterization of LiPBAB: (a) The 
1
H NMR,  (b) The
 13
C NMR, (c) 








The thermal degradation curves of LiPBAB under both nitrogen 
atmosphere and air display a three stage decomposition trend starting at 245 
o
C. The results reveal excellent thermal stability of the compound and confirm 
the material suitability for Li-ion batteries for safe operation at elevated 
temperatures. 
4.3.3. Surface Morphology 
The XRD pattern of LiPBAB (Figure 4.3a) displays sharp diffraction 
peaks, suggesting good crystallinity with a long range order. The SEM image 
(Figure 4.3b) illustrates that LiPBAB particles displayed the filiform 
morphology, which is consistent with sharp peak win PXRD. The small flake 
morphology was also observed, suggesting that a planar structure of LiPBAB 
may also be formed, similar to the previous reported work. 
 
 




Figure 4.4 The photograph (a), SEM image (b) and mechanical strength of the 
PVdF-HFP/LiPBAB membrane 
 
A smooth electrolyte membrane with adequate mechanical strength can 
effectively prevent lithium dendrite formation. The morphology and the tensile 
stress/strain graph of PVdF-HFP/LiPBAB membrane are shown in Figure 4.4. 
Figures 4.4a and Figure 4.4b illustrate excellent uniformity of the membrane 
surface at both macro and micro levels. From the stress-strain curve of the 
membrane shown in Figure 4.4c, the tensile strength was derived to be 33 
MPa, higher than the reported value in a similar study. Hence, the robustness 
and the uniformity of the membrane make the film more resistant against 
lithium dendrite formation. 
Appropriate porosity of an electrolyte membrane is an essential 
requirement for facile transport of Li-ions.[90] It has been well demonstrated 
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that a pore size of less than 1 µm is most beneficial for Li batteries to avoid 
both lithium dendrite formation and solvent leakage. The SEM image of the 
LiPBAB membrane displayed in Figure 4.4b shows a porous structure with an 
average pore diameter of 100 nm, which falls into the range of the 
recommended size. The high porosity of the PVdF-HFP/LiPBAB membrane is 
confirmed by the large solvent uptake of 126 wt. %, making this material well 
suited for serving as an electrolyte membrane. We note here that the downside 
of the high solvent retention in the electrolyte membranes is that batteries 
equipped with the membranes would not be as safe as those with all solid 
electrolytes although gel electrolytes in general possess higher ionic 
conductivity and better interfacial compatibility. 
4.3.4. Electrochemical Stability 
 
Figure 4.5 The cyclic voltammetry of the PVdF-HFP/LiPPAB membrane 
The electrochemical stability of LiPBAB was studied via cyclic 
voltammetry measurement using a Li/GPE/stainless steel cell for the EC/PC 
swollen PVdF-HFP/LiPBAB membrane (Figure 4.5). In the potential range of 
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2.5 - 4.3 V (vs Li/Li
+
), no significant increase in the oxidation current is 
observed. The results clearly indicate that the LiPBAB electrolyte membrane 
is electrochemically stable. 
4.3.5. Ionic Conductivity 
Figure 4.6 depicts the temperature dependence of the ionic 
conductivity of the PVdF-HFP/LiPBAB membrane. The variation of the ionic 
conductivity displays a typical behaviour of an Arrhenius graph over the 
temperature range from 100
 o
C to 20 
o
C downwards. The ionic conductivity at 
20 
o
C was found to be 2.4 × 10
-4
 S/cm. Indeed, the measured conductivity 
increases with temperature but not completely linear, which may be attributed 
to the mechanical coupling between ion transport and polymer host mobility at 
a given temperature according to the free volume law.[114, 116] The highest 
measured conductivity of the membrane at 100 
o


























Figure 4.6 The ionic conductivity of the PVdF-HFP/LiPBAB membrane vs. the 





4.3.6. Lithium-ion Transference Number 
 The lithium transference number, 𝑡+, measured by the method proposed 
by Evans et al.,[162] was found to be 0.87 at room temperature (Figure 4.7 
and Table 4.1), much higher than that of LiBOB based electrolytes (< 0.60) 
and the trilayer PVdF/polyborate/PVdF gel polymer electrolyte doped with 
LiPF6 (0.58).[172] The significantly higher value of 𝑡+ of the LiPBAB 
membrane confirms that the polymer electrolyte indeed exhibits a single-ion 
behavior, as expected, due to the restricted movement of anions as the part of 
polymer backbones, in contrast to the dual-ion conductors such as 
LiBOB.[160] 
 
Figure 4.7 The time-dependent response of DC polarization of the 
Li|PVdF-HFP/LiPBAB|Li symmetry cell polarized with a potential of 100 mV 
 
Table 4. 1 The measured initial and steady-state currents, the initial and 
steady-state resistance of the passivation layers on the Li electrodes and the 
lithium-ion transference number 
△V/ mV I0/μA Is/μA R0/ Ω Rs/ Ω tLi
+ 
10 1.16 1.02 12.60 12.80 0.87 
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4.3.7. Battery Performance 
To examine the performance of the PVdF-HFP/LiPBAB membrane in 
Li-ion batteries, several coin cells were assembled with the membrane, using 
LiFePO4 as the cathode and a lithium foil as the anode. Figure 4.8 displays the 
discharge capacity vs. the cycle number of the 
Li|PVdF-HFP(EC/PC)/LiPBAB|LiFePO4 cell at different charge/discharge 
rate at  three different temperatures. Unlike most of the SIPE equipped 
batteries, these batteries do show an appreciable room temperature 
performance with the discharge capacity of 135 mAhg
-1 
at C/10 rate, which 
infers facile lithium ion transportation via this membrane, even at room 
temperature. The performance improves at the operating temperature of 80 
o
C 
as discharge capacity touches the mark of 150 mAhg
-1
 at C/10 rate, and it 
could also perform at the high rate of C/2 with the discharge capacity of 110 
mAhg
-1 
at the same temperature. More remarkably, even at 100 
o
C, the battery 
is still fully operational and maintains the discharge capacity of 110 mAhg
-1
 at 
1 C. Resetting the C-rate to C/10 still results in the high discharge capacity of 
151 mAhg
-1
 after 170 cycle performance test at various C-rates and 
temperatures, indicating that the SIPE-based battery is highly robust with 
superior thermal, mechanical and electrochemical stability. 
The excellent high temperature performance of the SIPE-based battery 
indicates that the organic solvent used in the polymer membrane to enhance 
ionic conductivity and to reduce the interfacial resistance between the 
membrane and electrodes would not present a potential safety hazard as in the 
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case of batteries with liquid electrolytes and gel-polymer electrolytes. We 
speculate that the reason for the superior stability in the SIPE-based batteries 
at high temperatures lies in the low concentration polarization in the 
electrolyte membranes that effectively prevent the organic solvents from 
decomposition in the electrochemical process.  





























































Figure 4.8 The cycling performance of the Li|PVdF-HFP/LiPBAB|LiFePO4 
battery in the temperature range of 25 
o
C to 100 
o
C and C/n rates 
 
4.4. Conclusions 
We have presented a two-step process to synthesize a sp
3
 boron-based 
single ion conducting polymer electrolyte (LiPBAB) through 
copolymerization between lithium tetramethanolatoborate (LiB(OCH3)4) and a 
silylated 1,2,3,4-butanetetracarboxylic acid precursor. A thin, flexible and 
mechanically robust SIPE membrane was fabricated by blending LiPBAB 
with PVDF-HFP through a solution cast method. With the cationic 
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transference number of 0.87, the membrane shows electrochemical stability up 
to 4.3 V and thermal stability up to 245 
o
C. The membrane is mechanically 
stable with the tensile strength of 33 MPa. The ionic conductivity of the 






 in the temperature 
range from room temperature to 100 
o
C, which is comparable to the 
conductivity of liquid electrolytes of small inorganic lithium salts. 
The performance of the SIPE membranes in Li-ion batteries was 
analysed by constructing Li|PVDF-HFP/LiPBAB|LiFePO4 half cells followed 
by testing the batteries in the temperature range of 25 
o
C - 100 
o
C at various 
charge/discharge rates.  The batteries display remarkable performance at 
room temperature, unlike most of the reported SIPE-based Li-ion batteries 
which are operative only at an elevated temperature. The battery performance, 
in the context of both discharge capacity and high C-rates, is enhanced as 
temperature increases. Our results show that the use of organic solvent in the 
SIPE electrolyte membrane in the battery cell can significantly boost battery 
performance through enhancement of ionic conductivity. However, contrary to 
the conventional wisdom that even a gel polymer electrolyte would not be safe 
at elevated temperatures with organic solvents in the polymer matrix, the 
battery with the PVDF-HFP/LiPBAB electrolyte membrane containing a 
EC/PC solvent displayed excellent performance at a temperature as high as 
100 
o
C. The results demonstrate the outstanding safe operation of the batteries 
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5.1. Lithium Poly (4-Vinylphenol) Phenolate Borate (LiPVPPB) 
Gel Electrolyte 
In Chapter 3 and Chapter 4, we have demonstrated aromatic acid and 
aliphatic acid could be used to prepare sp
3
 boron based SIPEs through the 
typical silylation and polymerization steps. However, the silylation step 
requires anhydrous silylation agent and solvent, which takes a lot of time to do 
the pre-treatment prior to use. And the collection and transfer of the silylated 
derivative should be very careful. In order to simplify the synthesis procedure, 
we decided to use phenols to do one-step synthesis, without the necessity of 
silylation to produce sp
3
 boron based polymer electrolytes. It turned out that 
the direct reaction between phenols and lithium tetramethanolatoborate to 
form polymers is successful.[173]  
In this chapter, a new synthetic protocol to produce sp
3
 boron based 
SIPE was presented. The one-pot synthesis procedure of lithium poly 
(4-vinylphenol) phenolate borate (LiPVPPB) was depicted in Scheme 5.1 
After the successful synthesis of LiPVPPB, an electrolyte membrane was 
fabricated via the doctor-blading method upon blending the synthesized 
polymer with PVdF-HFP, subsequently. The physical and electrochemical 
properties of the membrane were characterized based on a range of 
spectroscopic experiments. The membrane was then used in a coin cell to test 
its battery performance. It was demonstrated that the battery performs 





The phenol rings connected to the sp
3
 boron atoms facilitate charge 
82 
 
delocalization via conjugation around the anionic sites and thus boost the 
mobility of Li-ions. The large molecular weight of the starting material, 
poly(4-vinylphenol) (Mw=25,000 g mol
-1
), enables the anions to be 
immobilized in the charge and discharge processes and thus concentration 
polarization intrinsically associated with dual-ion based electrolytes is 
minimized. 
5.2. Experimental 
The synthetic procedure of LiPVPPB is shown in Scheme 5.1. 
 
Scheme 5.1 Procedure of LiPVPPB synthesis 
5.2.1. Materials 
Poly (4-vinylphenol), Mw=25,000 g mol
-1
 (Sigma-Aldrich), phenol 
(Sigma-Aldrich), lithium metal (chemmetall), trimethyl borate (Alfa-Aesar), 
anhydrous N, N-dimethylformamide (DMF), (Sigma-Aldrich), acetonitrile 
(Tedia) were used as purchased. Methanol (Fisher) was dried before use. All 
reagents used were of reagent grade. 
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5.2.2. Synthesis and Characterization of Lithium Poly (4-Vinylphenol) 
Phenolate Borate (LiPVPPB) 
5.2.2.1. Synthesis of Lithium Tetramethanolatoborate (LiB(OCH3)4) 
Lithium tetramethanolatoborate was synthesized and purified 
according to the procedure given by Wuhr.[174] NMR spectra in DMSO-d6: 
1
H, 3.16 ppm (s); 
13
C, 48.50 ppm; 
11
B (relative to BF3.Et2O), 3.62 ppm.[135] 
5.2.2.2. Synthesis of Lithium Poly (4-Vinylphenol) Phenolate Borate 
(LiPVPPB) 
10 mL of anhydrous N, N-dimethylformamide was added into the 
mixture of poly (4-vinylphenol) (1.2015g), phenol (2.8233g) and lithium 
tetramethanolatoborate (1.4189g). The mixture was stirred at 50 
o
C for 
overnight and then at 100 
o
C for 3 days. Upon cooling to room temperature, 
the solution was poured into 100 mL of diethyl ether. The precipitate was 
collected upon vacuum filtration and further washed with diethyl ether (50 mL 
x 2) followed by Soxhlet extraction with acetonitrile for 12 h. Elemental 
analysis: For (C26H22BLiO4)n, calculated: C, 75.03; H, 5.33; B, 2.60; Li, 




B, 3.54 ppm; 
1
H, 8.54, 6.56-6.54-6.32 (multiple & broad), 1.80 (broad), 1.40 
ppm (broad). FTIR [ATR(KBr) cm
-1
]: = 3400, 2919, 1612, 1513, 1447, 
1358, 1241, 1172, 1013, 828. 
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5.2.3. Gel Polymer Electrolyte Preparation 
55mg of LiPVPPB and 165mg of PVdF-HFP were added into 7 mL of 
DMF, which was stirred at 60 
o
C to produce a homogeneous solution. 
Subsequently, the LiPVPPB/PVdF-HFP membrane was prepared via a 
doctor-blading process and dried in a vacuum oven at 80 
o
C. Finally, the 
membrane was transferred into a glove box and immersed in an EC: PC (1:1) 
solution for soaking. 
5.3. Results and Discussion 
5.3.1. Synthesis and Structure Characterization of Lithium Poly 
(4-Vinylphenol) Phenolate Borate (LiPVPPB) 
LiPVPPB was obtained using the synthetic procedure shown in Scheme 
5.1. The IR spectra of the compound, depicted in Figure 5.1, exhibits the 
characteristic absorption around 1106 cm
-1
 wavenumber associated with the 
B-O stretching modes, indicating the existence of B-O bond in LiPBAB.[166] 
The broad peak in the proximity of 3400 cm
-1
 is attributed to the residual 
hydroxyl group of the starting material, poly (4-vinylphenol). The peak at 
2919 cm
-1
 corresponds to the stretching mode of the -CH2- group. The 




 and 1447 cm
-1
 reflect the characteristic 
vibration modes of benzene ring framework.  
The 
1
H NMR (left) and the 
11
B NMR (right) spectra of LiPVPPB in 
CD3OD are displayed in Figure 5.2 and Figure 5.3, respectively. The two 
groups of the broad peaks shown 
1
H NMR correspond to the benzene rings 
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(low field) and the ethylene groups (high field), respectively, verifying the 
proposed polymer structure in Scheme 5.1. The signal at 8.54 ppm is 
attributed to the residual hydroxyl group of poly (4-vinylphenol) entangled 
with the targeted polymer structure in the polymer matrix, consistent with the 
FT-IR spectrum shown in Figure 5.1. The chemical shift of boron in the 
11
B 
NMR spectrum further confirms the formation of the sp
3
 configuration of 
boron atoms in the polymeric electrolyte. [167] 
 












Figure 5.2 The 
1
H NMR of LiPVPPB in CD3OD 











Figure 5.3 The 
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The TGA curve of LiPVPPB under nitrogen is shown in Figure 5.4.  
Two stages of degradation are observed. One begins roughly at 120 
o
C and 
extends to 400 
o
C (approximately 20% of the weight loss) and the other starts 
at 450 
o
C (approximately 40% of the weight loss). The first 20% weight loss is 
attributed to the loss of one phenolate group since boron atoms can also form a 
planar structure with a sp
2
 configuration. The additional 40% weight loss is 
likely due to the loss of another two phenolate groups. The TGA measurement 
suggests that LiPVPPB is thermally stable in the temperature range of battery 
operation.   
5.3.3. Surface Morphology 
The FE-SEM images of the LiPVPPB polymer and the 
LiPVPPB/PVdF-HFP blend membrane are shown in Figure 5.5. The 
LiPVPPB complex displays a flake-like morphology, which is similar to 
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previous work.[175] The composite membrane prepared by the doctor-blading 
method is highly uniform suggesting a good compatibility between LiPVPPB 
and PVdF-HFP. This is probably because of the existence of hydrophobic 
polystyrene component in LiPVPPB, leading to a good compatibility with the 
hydrophobic PVdF-HFP. The high uniformity of the membrane enables a 
good contact with the electrodes. 
 
Figure 5. 5 The FE-SEM images of LiPVPPB (left) and LiPVPPB/PVdF-HFP 
membrane (right) 
5.3.4. Electrochemical Stability 
The electrochemical stability of the polymer electrolyte membrane was 
analyzed by linear sweep voltammetry using Li/composite membrane/stainless 
steel cells. The measurement was performed between 2.5 V and 6.0 V (versus 
Li
+
/Li) at a scan rate of 1 mV s
-1
 as shown in Figure 7. The polymer 
electrolyte was found to be stable up to 4.5 V, indicating a broad 
electrochemical window. This result suggests that the LiPVPPB/PVDF-HFP 
blend membrane may be suitable for battery operation with most commonly 
used cathode materials,[16] such as LiFePO4 (3.8 V), MnxOy (4.2 V). 
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Figure 5.6 The linear sweep voltammetry of the LiPVPPB/PVdF-HFP 




 5.3.5. Ionic Conductivity 
The Ionic conductivity of the polymer electrolyte was calculated using 





where is the ionic conductivity, l is the thickness of the electrolyte 
membrane, R is the bulk resistance and a is the surface area. The EIS plot of 
the electrolyte at room temperature is depicted in Figure 5.7. The Nyquist plot 
exhibits a suppressed semicircle on the axis followed by a straight line. The 
semicircle portion (observed at high frequencies) corresponds to the 
electron-transfer-limited process, while the straight line (in the low frequency 
range) represents the diffusion-limited process.[176]  
The ionic conductivity dependence on the inverse of temperature (80 
o
C - 25 
o
C, downwards) is depicted in Figure 5.8, which displays a typical 
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Arrhenius behavior. In contrast to what is observed in liquid electrolytes and 
lithium-salts-based polymer electrolytes, the conductivity is less sensitive to 
temperature, which is common among single-ion polymer electrolytes.[129, 
159, 160] The relatively narrow variation of the conductivity in the 
temperature range is attributed to the mechanical coupling between the ion 
transport and the mobility of the polymer host according to the free volume 









 at 313K, respectively. The high ionic conductivity is 
chiefly due to the extensive electron delocalization of the anionic charge in the 
polymer framework, leading to significantly enhanced mobility of lithium 
ions. 
 





























Figure 5.8 The Arrhenius plot of log (ionic conductivity) versus inverse absolute 
temperature 
5.3.6. Lithium-ion Transference Number 

















Figure 5. 9 The time-dependent response of DC polarization of the 
Li|PVdF-HFP/LiPVPPB|Li symmetry cell polarized with a potential of 100 mV 
The lithium-ion transference number (tLi
+
) was measured by 
sandwiching the blend membrane between two nonblocking lithium metal 
electrodes.[117, 171] The transference number was evaluated via combination 
of DC potentialstatic measurements and AC impedance spectroscopy based on 
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where ΔV is the DC potential applied across the cell, Ro and Rs are the initial 
and the steady-state resistances of the passivation layer on the electrodes 
before and after DC polarization, and Io and Is are the initial and the 
steady-state currents. The tLi
+
 value was calculated to be 0.91 at room 
temperature, which is substantially higher than the values of dual-ion based 
electrolytes. The result indicates that the material is indeed a typical single-ion 
conductor. 
Table 5.1The measured initial and steady-state currents, the initial and 
steady-state resistance of the passivation layers on the Li electrodes and the 
lithium-ion transference number 
△V/ mV I0/μA Is/μA R0/ Ω Rs/ Ω tLi
+ 
10 1.56 1.46 41.70 52.56 0.91 
 
5.3.7. Battery Performance 
To evaluate the electrochemical performance of the blend polymer 
electrolyte membrane, we assembled a coin cell battery device using a lithium 
foil as the anode and a carbon-coated LiFePO4 as the cathode, which has a 
theoretical discharge capacity of 170 mAh g
-1
.[90] Cycle tests were conducted 
at several temperatures with various C-rates. The results are shown in Figure 
5.10. Remarkably, the battery exhibits a high reversible discharge capacity 
over a wide temperature range from room temperature to 80 
o
C and even at 
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higher power rates with the coulombic efficiency approaching 100% over the 
different power rates. 
Figure 5.11 shows the discharge profiles of the 
Li|LiPVPPB/PVdF-HFP|LiFePO4 battery at 60 
o
C at different power rates. The 
discharge capacities of the battery were measured to be 165 mAh g
-1
 at 0.1C, 
160 mAh g
-1
 at 0.2C, 150 mAh g
-1
 at 0.5C, 140 mAh g
-1
 at 1C, 120 mAh g
-1
 at 
2C and 90 mAh g
-1
 at 3C, corresponding to 97%, 94%, 88%, 82% and 53% of 
the theoretical value, respectively. The reason for the high retention of the 
capacity at 1C and 2C rates is attributed to the high lithium transference 
number, which limits the formation of concentration gradient.[177] And it is 
obvious that the discharge profile at 0.1C, 0.2 C, 0.5 C and 1C exhibit a 
plateau around 3.4 V typically for Li/LiFePO4 batteries, indicating the good 
compatibility between the electrolyte and electrodes. And significant 
overpotentials are observed for 2C and 3C discharge profiles, which is 





Figure 5.10 The cycle performance of the Li|LiPVPPB/PVdF-HFP|LiFePO4 cell 
at different temperatures and different C rates 
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Figure 5.11 Discharge profiles obtained at 60 
o
C at different C rates from 0.1C to 
3C 
5.4. Conclusions 
A new single-ion polymer electrolyte (LiPVPPB) with boron atoms 
covalently bonded to a polystyrene backbone with a sp
3
 electronic 
configuration was successfully synthesized and the structures and properties of 
the polymer and its composite membrane with PVdF-HFP were thoroughly 
characterized via a range of spectroscopic techniques including 
thermogravimetric analysis, impedance spectroscopy and linear sweep 
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voltammetry. The polymer electrolyte exhibits good thermal stability (up to 
120 
o





 at room temperature. The high ion conduction 
is attributed to the extensive electron delocalization through -conjugation 
surrounding the sp
3 
boron atoms, resulting in the improved stability of anions 
and the enhanced mobility of lithium ions. The measured lithium ion 
transference number is close to unity (0.91), substantially higher than the 
value of typical dual-ion based electrolytes. The wide electrochemical window 
enables the electrolyte membrane to be potentially useful for batteries with 
metal oxides as cathode. These materials require electrolytes to be capable of 
sustaining high voltage upon charge and discharge. Furthermore, the battery 
performance of the SIPE membrane was evaluated using an assembled coin 
cell of Li|LiPVPPB/PVDF-HFP|LiFePO4. Remarkable performance of the 
battery in a broad temperature range from room temperature to 80 
o
C with 
nearly 100% coulombic efficiency was demonstrated. Our results suggest that 
SIPE materials are highly promising for safe and high power applications of 
Li-ion batteries. 
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 An Aliphatic Carboxylic Acid Based sp
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6.1. Lithium Poly (Glutaric Acid Aluminate) (LiPGAA) Porous 
Single-ion Polymer Electrolyte 
  A variety of substrates including the aromatic acid (in Chapter 3), 
the aliphatic acid (in Chapter 4) and the phenol (in Chapter 5) were used 
to produce sp
3
 boron based SIPEs. They exhibit good thermal stability, 
high ionic conductivity & lithium ion transference number as well as a 
broad electrochemical window.  However, these materials have no 
porosity. Theoretically, porous materials have a good contact with 
organic solvent, thus facilitating the solvation of Li-ions, leading to a 
higher conductivity. Since Al is in the same group with B and Al-O bond 
is more ionic than B-O bond, a porous material based Al may be 
synthesized.  In this chapter, a protocol to synthesize a novel porous sp
3
 
aluminium based SIPEs, lithium poly(glutaric acid aluminate) (LiPGAA) 
was developed.  
  Actually, the concept of sp
3
 aluminium based SIPEs was not new. 
Lithium tetraalkoxyaluminates have been considered as good candidates 
for electrolytes of Li-ion batteries because the weak coordination 
between the lithium ions and the counter-anions, promoting the solvation 
of Li-ions in aprotic organic solvents.[178, 179] The first study on 
tetraalkoxyaluminate unit was to synthesize trialcohol substituted 
lithium aluminumhydride, particularly lithium 
tri-t-butoxyaluminatehydride, which is stable up to 300 
o
C.[180] 
Subsequently, a few tetraalkoxyaluminate based compounds have been 
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synthesized, among which lithium tetra (1, 1, 1, 3, 3, 
3-hexafluoro-2-propyl) aluminate (LiAl(HFIP)) and lithium tetra (1, 1, 1, 
3, 3, 3-hexafluoro-2-phenylpropyl) aluminate (LiAl(HFPP)) are the most 
prominent representatives. These materials exhibit a broad 





 and moderate thermal stability up to 100 
o
C, resulting from the 
large anionic size and electron delocalization induced by the four 
electron-withdrawing groups attached to the central aluminium 
atom.[181-183]  
  To circumvent the problems inherently associated with liquid 
dual-ion electrolytes, a number of solid single-ion electrolytes based on 
tetraalkoxyaluminate and polyfluoroalkoxyl groups, have also been 
synthesized.[98, 99, 184] These materials were made from LiAlH4 (or 
partially substituted LiAlH4) and diols with long aliphatic chains, 
particularly low molecular weight poly (ethyl glycol)s. The polymers 
were amorphous with a low lithium content. Despite offering a high 
Li-ion transference number and a low glass transition temperature, these 
solid polymers failed to perform as electrolytes when assembled in 





 at room temperature.  
  The utilization of a plasticizer (e. g. EC and PC) may provide an 
effective way to enhance the flexibility of polymer chains and thus 
reduce ion pairing and improve electrode/electrolyte interface contact, 
ultimately enhancing lithium ionic conductivity and battery performance. 
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The synthesis procedure of a novel porous gel single-ion polymer 
electrolyte was described in Scheme 6.1. The use of a short ligand offers 
two advantages. One is to increase the polymer crystallinity, resulting in 
a porous structure, which facilitates accommodation of organic solvent 
molecules. Another is to increase the lithium content with a higher Al 
weight ratio. The SIPE membrane was prepared using a solution cast 
method with PVdF-HFP as the binder. The structure, surface 
morphology, thermal stability and electrochemical performance of the 
as-synthesized compound and its membrane were systematically 
investigated. 
6.2. Experimental 
The synthesis protocol of LiPGAA was done through polymerization 
of the two monomers shown in Scheme 6.1.  
 
 




Glutaric acid (Sigma-Aldrich), lithium aluminium hydride 1.0 M in diethyl 
ether (Sigma-Aldrich), anhydrous N, N-dimethylformamide (DMF) 
(Sigma-Aldrich), and acetonitrile (Tedia) were used as purchased. 
Hexamethyldisilazane (HMDS) (VWR international), 1, 2-dichloroethane 
(DCE) (Merck), methanol (Fisher) were distilled before use. All chemicals 
used were of reagent grade. 
6.2.2. Synthesis and Characterization of Lithium Poly (Glutaric Acid 
Aluminate) (LiPGAA) 
6.2.2.1. Synthesis and Characterization of LiAl(OCH3)4. 
  LiAl(OCH3)4 was synthesized following the procedure proposed by 
Bakum.[185] Elemental analysis on LiAl(OCH3)4: calculated: C, 30.40; 
H, 7.65; Al, 17.07; Li, 4.39 %; found: C, 27.11; H, 5.96 Al, 17.86; Li, 
4.73%. NMR spectra in DMSO-d6: 
27
Al (in reference to 1M Al(NO3)3): 
69.57 (br) ppm; 
13
C: 48.54 ppm; 
1
H: 3.18 ppm (s, 12H). 
6.2.2.2. Preparation and Characterization of Silylated Glutaric Acid.  
  The silylation was carried out under argon atmosphere by reacting 
glutaric acid 5.2848g (40 mmol) with 20.8 mL freshly distilled 
hexamethyldisilazane (HMDS) (100 mmol) as well as 0.5 mL 
trimethylsilyl chloride in anhydrous 1, 2-dicloroethane (DCE) at 100 
o
C 
for 6h. Upon cooling down to room temperature, DCE and excess 
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HMDS were removed under a reduced pressure. 
1
H NMR spectra in 
CDCl3: 2.23 ppm (t, 4H), 1.75 ppm (m, 2H), 0.15 ppm (s, 18H). 
6.2.2.3. Preparation and Characterization of LiPGAA. 
  The lithium poly(glutaric acid aluminate) (LiPGAA) was 
synthesized via polymerization between the silylated glutaric acid (40 
mmol) and 3.1612g of LiAl(OCH3)4 (20 mmol) in an anhydrous DMF, 
stirring at 50 
o
C for 24 hrs and subsequently at 90 
o
C for 72 hrs. A white 
solid was first collected by filtration, then purified by Soxhlet extraction 
using acetonitrile as the solvent and finally by drying at 120 
o
C under a 
reduced pressure for 24hrs. Elemental analysis on (C10H12AlLiO8)n: 
calculated: C, 40.84; H, 4.11; Al, 9.17; Li, 2.36 %; found: C, 36.12; H, 
4.54; Al, 10.53; Li, 2.44 %. CP-MAS NMR: 
27
Al (in reference to 1 M 
Al(NO3)3) -5.72 ppm; 
13
C (in reference to DMSO) 180.31 ppm, 36.07 
ppm, 21.14 ppm. 
6.2.3. Electrolyte Membrane Preparation 
  PVDF-HFP and LiPGAA in a ratio of 3:1 (w/w) were added into a 
DMF solvent stirred at 80 
o
C to obtain a homogeneous dispersion. 
Subsequently, the dispersion was cast onto a teflon petri dish and kept in 
an oven at 80 
o
C for 12hrs. The obtained electrolyte membrane was 
dried further in a vacuum oven at 80 
o
C for 24hrs. Finally, the membrane 
was transferred into an argon-filled glove box and placed in an EC: PC 




6.3. Results and Discussion 
6.3.1. Synthesis and Structure Characterization of LiPGAA 
The formation of LiPGAA was confirmed by 
27
Al NMR (in reference 
to 1M Al(NO3)3) with a chemical shift at -5.72 ppm, compared with the signal 
of the starting material LiAl(OCH3)4, which is at 69.57 ppm. The 
13
C MAS 
NMR (in reference to DMSO) indicates three different carbons with chemical 
shifts at180.31 ppm, 36.07 ppm, and 21.14 ppm, respectively, which correlates 
well with the glutaric acid backbones. The coherence between the calculated 
and the found elemental analysis values also validates the successful synthesis 
of LiPGAA. 
6.3.2. Thermostability 
  The thermogravimetric analysis of LiPGAA under nitrogen is shown 
in Figure 6.1. The TGA curve begins with an approximately 5% weight 
loss before 150 
o
C, which is attributed to the absorbed moisture or the 
trapped solvent molecules. Subsequently, no weight loss is observed 
until the temperature reaches roughly 350 
o
C at which the compound 
undergoes obvious decomposition. The residue weight left is 
approximately 30% corresponding to aluminum oxide and lithium oxide, 
which correlates well with the elemental analysis results. The result 









6.3.3. Surface Morphology 
  
Figure 6.2 PXRD (left) and FE-SEM image (right) of LiPGAA 
  The surface morphology of the polymer was examined with P-XRD 
and FE-SEM, respectively (Figure 6.2). The XRD patterns of LiPGAA 
(left) display sharp diffraction peaks, suggesting good crystallinity as 
expected. The FE-SEM images (right) show that the powder exhibits 
small flake shape structures stacking together, indicating that some 
planar structures may also be formed, similar to the results reported in a 
previous study.[152, 153]  
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  The porosity of the compound was characterized by nitrogen 
isotherm at 77K at 1 bar (Figure 6.3). The isotherm displays a steep gas 
uptake at low pressure and capillary condensation at high pressure. The 
BET surface area was calculated to be 93.9 m
2
/g, while the Langmuir 
surface area was 149.7 m
2
/g. The pore size distribution gives a wide 
range of mesopores, centered at approximately 15 nm. 
 
Figure 6.3 Nitrogen sorption at 77K (A) and pore size distribution (B) 
6.3.4. Electrochemical Stability 
  The electrochemical stability of the composite membrane was 
measured via linear sweep voltammetry (LSV) using a lithium foil as the 
counter and reference electrode. The measurement was carried out 
between 2.5 V and 6.5V (versus Li
+
/Li) (Figure 6.4). The SIPE was 
found to be stable up to 4.2 V. To further characterize the membrane, 
cyclic voltammetry (CV) with and without EC and PC have been 
conducted (Figure 6.5). The electrolyte CV with EC and PC is consistent 
with the LSV result, indicating a broad electrochemical window. 
However, there is no current signal for the composite membrane CV 
without EC and PC, suggesting an open circuit, resulting from lack of 
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organic solvents, which could solvate the Li
+
 ions, thus, Li
+ ions couldn’t 
transport from the membrane to the Li foil. 
 
Figure 6.4 The linear sweep voltammetry of the LiPGAA/PVdF-HFP composite 
membrane (scan rate 1 mV/s) 




 with EC and PC 



















Figure 6. 5 The cyclic voltammetry of the LiPGAA/PVdF-HFP composite 
membrane with and without EC and PC 
6.3.5. Ionic Conductivity 
  To calculate the ionic conductivity of the electrolyte membrane, the 
following equation was used:=l/Ra , where is the ionic conductivity, 
l denotes the thickness of the electrolyte membrane, R stands for the 
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bulk resistance (R1 as shown in equivalent circuit in Figure 6.6 ) and a 
represents the surface area. The EIS response of the membrane at room 
temperature with the circuit diagram used for fitting is shown in Figure 





 at room temperature, which is comparable to the values of 
most reported gel SIPEs.[127, 129] The as-synthesized polymer contains 
a high proportion of aluminium centers, which gives rise to high rigidity 
of the framework. As a consequence, the glass transition temperature of 
the polymer is raised substantially (over 300 
o
C). The high rigidity of the 
polymer also results in lower ionic conductivity because the contribution 
to ion transport from the segmental motion is reduced. Hence, the high σ 
value is mainly attributed to the porous structure, which enables solvent 
molecules to be accommodated and thus promotes solvation of Li-ions 
in the polymer matrix.[181]  
  The temperature dependency of the ionic conductivity of the 
electrolyte membrane on the inverse of absolute temperature in the form 
of an Arrhenius plot is depicted in Figure 6.7. The measurements were 
conducted between 80 
o
C and 25 
o
C downwards. An important 
observation is that the plot shows a small curvature,[114, 116] unlike the 
behaviour of liquid electrolytes and small lithium-salt based dual-ion 
polymer electrolytes. This small curvature is commonly observed in 
other SIPEs, which reflects the mechanical coupling between ion 
transport and polymer host mobility.[127, 153] The highest ionic 
conductivity at 80 
o








Figure 6.6 The EIS plot of LiPGAA/PVdF-HFP composite membrane at room 
temperature with the corresponding equivalent circuit 
 
Figure 6.7 Arrhenius plot of log(ionic conductivity) versus inverse absolute 
temperature 
6.3.6. Lithium-ion Transference Number 
The Li-ion transference number (tLi
+
) was measured by sandwiching 
the prepared membrane between two lithium electrodes.[171] The value was 
derived using the equation proposed by Evans and co-workers (Table 
6.1).[162] The tLi
+ 
value was found to be 0.80 at room temperature, modestly 
smaller than unity but substantially higher than the values for small inorganic 
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lithium salt based electrolytes. The result suggests that the electrolyte 
membrane behaves indeed as a single-ion conductor. 
Table 6.1 The measured intial and steady-state currents, the initial and 
steady-state resistances of the passivation layers on the Li electrode and the 
Li-ion transference number 
△V/ mV I0/μA Is/μA R0/ Ω Rs/ Ω tLi
+
 
10 6.50 5.20 7.54 9.22 0.80 
 
6.3.7. Battery Performance 
  To further analyze the electrochemical performance of LiPGAA, a 
battery with LiFePO4 as the cathode and a Li foil as the anode was 
assembled using the membrane as the electrolyte. Cycle tests were 




C and 80 
o
C, respectively, for various C-rates as 
shown in Figure 6.8. The battery displays significant performance at 
room temperature, while most of the reported SIPE-based Li-ion 
batteries are operative only at elevated temperatures.[160] The discharge 
capacity at 0.1 C increased in the first few cycles at room temperature, 
probably due to the steady formation of ordered channels for Li-ion 
conduction. Unfortunately, the battery failed to perform at higher C rates 
at room temperature, which is attributed to the large interfacial 
resistance as shown in Figure 6.6. It is likely that the high interfacial 
resistance arises from the high rigidity of the polymer, leading to poor 
compatibility between the electrolyte and the electrodes. With increasing 
temperature, battery performance was enhanced in term of both 
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discharge capacity and power rates as a result of improved ionic 
conductivity and reduced interfacial resistance. The coulombic 
efficiency of the battery became nearly 100% from room temperature to 
80 
o
C after the initial “activation cycles”. Figure 6.9 depicts the 
discharge profiles of the Li/LiPGAA/PVDF-HFP/LiFePO4 battery at 80 
o
C at different power rates. The discharge profiles were measured to be 
147 mAh g
-1
 at 0.1 C, 140 mAh g
-1
 at 0.2 C and 120 mAh g
-1
 at 0.5 C. 
And a typical discharge plateau around 3.4 V for Li/LiFePO4 was 
observed for 0.1 C and 0.2 C, indicating a reasonable compatibility 
between the electrolyte and electrodes. And there is a significant 
overpotential for 0.5C, attributed to the relatively high resistance of the 
SIPE compared to liquid electrolytes. Obviously, improving the 
compatibility between the membrane and the electrodes is essential for 
enhancement of the battery performance. 
 
Figure 6.8 The cycle performance of Li | LiPGAA/PVdF-HFP | LiFePO4 battery 
in the temperature range of 25 
o
C to 80 
o




Figure 6.9 The charge (red) /discharge (black) profiles at 80 
0
C and at C/n rates 
Overall, LiPGAA has demonstrated high thermostability and ionic 
conductivity comparable to other SIPEs. But the lithium ion transference 
number of LiPGAA is kind of inferior to others, resulting from the low 
solubility of three dimensional framework in common organic solvents, 
hindering the formation of high molecular weight polymer during the 








Table 6.2 Comparison between LiPGAA and other gel single ion electrolytes 








































































































  We have demonstrated an approach to synthesize an aluminium 
based porous single-ion polymer electrolyte, LiPGAA. The method to 
prepare tetramethanolatoaluminate can be employed to synthesize a 
family of this type of compounds. LiPGAA is the first 
tetraalkoxyaluminate-based polymeric electrolyte membrane ever made 
with good battery performance to our knowledge. The structure and 
properties of LiPGAA and the composite membrane have been well 
characterized via elemental analysis, nuclear magnetic resonance, 
thermogravimetric analysis, nitrogen isotherm and electrochemical 
impedance spectroscopy. The mesoporous polymer electrolyte displays 
excellent thermal stability up to 350 
o





 at room temperature. The measured Li-ion 
114 
 
transference number of 0.80 is substantially higher than the values of 
liquid electrolytes and inorganic lithium-salt based dual-ion polymer 
electrolytes. Furthermore, good operability of the battery assembled with 
the electrolyte membrane in a wide temperature range was well 
demonstrated and significant performance at elevated temperatures was 
observed. The coulombic efficiency was found to be nearly 100% with 
the wide temperature range. Further enhancement of electrochemical 
performance can be envisaged through improvement of the compatibility 
between the electrolyte and the electrodes. 
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The primary objective to design and synthesize novel sp
3
 boron based 
single-ion electrolytes based for lithium ion batteries has been achieved. 
Different precursors were used including an aromatic acid, an aliphatic acid, a 
phenol and etc. Besides, one sp
3
 aluminium based single-ion electrolyte has 
also been synthesized with a moderate surface. These structures were well 
characterized. The electrochemical performances of these SIPEs were also 
examined. They exhibit high thermal stability, high ionic conductivity, and a 
broad electrochemical window, probably due to the charge delocalization of 
the sp
3
 boron centre. In addition, porous electrolyte should exhibit higher ionic 
conductivity because the pores enable a good contact with organic solvents, 
leading to a better Li-ions solvation and thus a higher ionic conductivity. 
However, the Al based SIPE demonstrates a relatively lower conductivity 
compared to B based components even with a moderate surface area. As a 
result, we speculate that there may be some difference in electron distribution 
between sp
3
 boron centre and sp
3
 aluminium centre. To confirm our 
speculations, part of reported SIPEs were modelled using Gaussian. NBO 
charge was calculated to see the charge distribution around the 

















1.278 -0.718 -0.691 -0.718 -0.691 -0.704 
 
1.304 -0.708 -0.703 -0.708 -0.703 -0.705 
 
1.293 -0.706 -0.706 -0.706 -0.706 -0.706 
 
1.316 -0.718 -0.752 -0.718 -0.727 -0.728 
Oave :the average negative charge of the four oxygen atoms 
Table 7. 2 Some aliphatic ligands based sp3 boron (or aluminium) electrolytes 















1.301 -0.804 -0.706 -0.785 -0.724 -0.755 
 
1.308 -0.818 -0.793 -0.818 -0.793 -0.805 
 
2.104 -0.910 -0.914 -0.906 -0.906 -0.909 
*: simplified repeat unit; a: attached directly to the boron or aluminium centre 
From the results shown above, we may generally deduce several 
points: 
 The negative charge is to some extent evenly distributed on the four 
oxygen atoms attached to B/Al atoms, leading to a relatively weak 
columbic interaction with cations, thus enhancing the Li-ions mobility. 
At the same time, the charge delocalization effect improved the 
stability of the anions, resulting in a broad electrochemical window 
and a high thermal stability. 
 Aromatic ligand with substitution of a hydroxyl group or a carboxylic 
acid group does not have a significant effect on the charge distribution 
of the oxygen atoms attached to the boron centre, due to the electron 
donation of the benzene when connected with electron-withdrawing 
group (carbonyl). It is also noted that the average negative charge on 
119 
 
oxygen atoms is slightly low in chelate compounds than that in a 
monosubsituted compound. And this is why the chelate compounds 
exhibit higher stability. 
 For aliphatic ligands, the function group does have an effect on the 
charge distribution of the oxygen atoms. Due to the presence of 
electron-withdrawing carbonyl in the carboxylic acid group, the 
oxygen atoms carry a less negative charge, leading to a weaker ion 
pairs, favouring ion conduction. 
 For the aluminium based electrolyte, there is more negative charge on 
the oxygen atoms compared to that in boron based electrolytes 
including both aromatic and aliphatic derivatives, leading a relatively 
tight ion pairs, thus disfavouring ion conduction. Aoki T. et al reported 
a similar result.[184] The more negative charge on the oxygen atoms is 
chiefly attributed the low electronegativity of the aluminium centre, 
giving off more electrons to the oxygen atoms. The monosubstitution 
is another possible reason.  
Consequently, aluminium based electrolytes may be not good candidates. 
The future work will still focus on boron electrolytes. Aromatic derivatives 
possess high rigidity, thermostability and mechanical strength. Meanwhile, the 
high rigidity greatly reduces the segmental movement of the polymer chain, 
which disfavours ion conduction. Aliphatic derivatives have relatively higher 
flexibility compared to the aromatic derivatives. Nevertheless, these polymers 
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are still quite rigid because of the presence of high concentration ionized 
bonds (between polyanions and Li-ions) in the polymer backbones. 
To promote the segmental motion of the polymer, favouring ion 
conduction, a polymeric backbone with a low Tg is preferred with sp
3
 boron 
centre attached as a side chain. This will be the one direction for future work. 
In addition, the compatibility between the synthesized compound and 
binder is another critical parameter for battery performance. The poor 
compatibility will lead to severe phase separation during membrane 
fabrication and thus resulting in a poor compatibility between the electrolyte 
and electrodes. Since the majority of frequently used binders are highly 
hydrophobic, the introduce of appropriate hydrophobic component in the 
hydrophilic SIPE as a result of the ionic bonds will certainly improve the 
compatibility and reduce interfacial resistance. 
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